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Abstract
Neutral pion photoproduction in nuclei has particular potential as a source of infor­
mation on the matter distribution in nuclei but it also has important contributions 
to make in extending our knowledge of the pion-nucleus interaction and the medium 
modifications of the pion production process. This thesis presents the experimental 
study of coherent neutral pion photoproduction on ieO and 208Pb, performed using 
the tagged photon beam facility at MAMI-B, University of Mainz, and the TAPS 
photon spectrometer, a highly segmented detector array built to detect light mesons.
Total and differential cross sections were measured in the incident photon energy 
range 135-380 MeV, covering a wider angular range and with smaller statistical er­
rors than previous measurements. The diffraction-like structure of the differential 
cross section due to the nuclear form factor was demonstrated. Comparisons were 
made with plane and distorted wave impulse approximation models and show the 
importance of including a description of the final state interaction in the theoretical 
predictions but suggest that the magnitude of the pion-nucleus interaction is underes­
timated in the DWIA. Comparison with the A resonance energy model suggests that 
the nuclear medium does affect the A properties but that modifications are needed 
to the parameterisation used.
An assessment of the A-dependence of the total coherent (7 , 7r°) cross section 
was made using the measurements on 12C and A0Ca performed at the same time 
as the present experiment. This comparison reinforces the conclusion that there is 
medium modification of the A and also suggests that this modification may have an 
A-dependence.
To: Donald Dyson and Tom Wheldon
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Introduction
1.1 Introduction
It was only about 10 years after the discovery of the pion in the late 1940’s [1] that 
neutral pion photoproduction was first proposed as a useful technique for nuclear 
size and shape determination [2-5]. However, progress in this field of study was very 
slow because the technology required has not been available until relatively recently 
and there has been a lack of overlap between the experimentally and theoretically 
accessible areas of the field.
In many early measurements the recoil nucleus was detected due to the technical 
problems involved in the direct detection of the pion. The 7r° decays predominantly 
into two photons in a time of the order of 10-16 seconds, and therefore must be de­
tected via these decay products. Its momentum is then calculated from the measured 
momenta of the two photons. This requires a large segmented array of photon de­
tectors and such detector systems have only become available in the past ten years. 
An alternative approach of detecting the 7r° with the simultaneous observation of the 
final nuclear system using an active target was used in the early 1980’s in Bonn [6].
Neutral pion photoproduction in nuclei has particular potential as a source of 
information on the matter distribution in nuclei but it also has important contributions 
to make (i) in determining the amplitudes for the (7 , 7r°) reaction on nucleons and (ii) 
in extending our knowledge of the 7r°-nucleus interaction. These topics are introduced 
later in this section.
Neutral pion photoproduction can take place either coherently or incoherently. It 
is much easier to detect charged pions than neutral pions and hence charged pion 
photoproduction has received much greater attention [7-13]. However, charged pion 
photoproduction can only take place incoherently. Incoherent means that the final 
nucleus produced in the reaction is different from the initial nucleus whereas coherent 
means that the final nucleus is the same as the initial. So, incoherent can mean that,
1
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as in the case of ir+ production, the nucleus is different because a proton was converted 
to a neutron, or as in the case of 7r° production, the nucleus makes a transition to 
an excited state. In coherent 7r° photoproduction the total production amplitude is 
the sum of the amplitudes on all nucleons resulting in a reaction cross section that 
scales with the square of the nuclear mass and is proportional to the matter form 
factor. The Fourier transform of this form factor is the matter density distribution as 
a function of radius. Hence the coherent reaction is an especially interesting process; 
it is one of the very few direct probes of the nuclear matter distribution. However 
to make use of this probe it is important to be able to separate the coherent process 
from the incoherent processes.
Most of the detailed studies of nuclear size and shape have used the elastic scat­
tering of electrons [14] which determines the charge and magnetisation density of the 
nucleus and thus is more sensitive to the density distribution of the protons than to 
the zero-charged neutrons. Therefore, the study of the combined proton and neu­
tron density using results from the coherent (7 , 7r°) reaction will be of great interest. 
For light nuclei, this is expected to confirm what has been determined from electron 
scattering studies because the nuclear models have little flexibility to allow differences 
between the distributions of protons and neutrons. However, there is much more to be 
learned for heavy nuclei where the effective potential wells occupied by the neutrons 
and protons may be significantly different in shape. For example, measurement of the 
(7 , 7T°) reaction in 208Pb could demonstrate the presence of a neutron halo with the 
distribution of its 126 neutrons extending beyond that of its 82 protons. It is expected 
that any difference between the charge and matter distribution will be very small and 
therefore very accurate determination of the form factor from the (7 , 7r°) reaction is 
needed. Such information will help the theoretical prediction of nucleon distributions 
in all nuclei.
The elementary amplitudes for the nucleon (7 , 7r°) reaction have been established 
with reasonable accuracy from the analysis of nucleon data [15-19] but significant 
disagreements remain even for some of the more important multipoles. Some effects 
due to nucleon spins that are present in the reactions on protons and neutrons cancel 
out in nuclei in which the nucleon spins are paired off. Therefore, measurements of 
the reaction on suitable, closed shell nuclei can produce less ambiguous data than 
that for nucleon reactions. The effective (7 , 7r°) amplitudes may also be modified 
in the nuclear medium. Indeed, a change in some amplitudes may be expected in 
nuclei; for example, the dominant M+i amplitude comes from A excitation1 even near 
threshold and the complex nature of the A-nucleus interaction is known to modify the 
propagation of the A in the nuclear environment [20-28] (for example, Pauli blocking
xThe A is the first excited state of a nucleon.
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and the coupling of the A to other channels alter the decay width of the resonance in 
a nuclear environment). Therefore the reaction on complex nuclei allows the study of 
the production, propagation, and decay of the A resonance in the nuclear medium.
The interaction of pions with nuclei has been mainly studied through elastic pion 
scattering, inelastic pion scattering, and pionic atoms2 [30]. The pion-nuclear interac­
tion can only be studied at one energy with pionic atoms. Pion scattering experiments 
are only possible for pion energies larger than around 30 MeV due to experimental 
difficulties stemming from the short distances the pions travel before decaying. Pion 
photoproduction in the region just above threshold allows the pion energy range to 
be extended all the way down to near zero.
In pion photoproduction the pions can, in principle, be produced anywhere in the 
nuclear interior as the photon can penetrate the whole nucleus essentially unattenu­
ated. Hence information can be obtained on the 7r°-nucleus attraction, or repulsion, 
and the nuclear absorption of 7r°. The real part of the interaction produces a differ­
ence between the momentum of the 7r° when it is produced inside the nucleus and its 
final momentum outside the nucleus leading to an angular shift in the (7 , 7r°) angular 
distribution. This is most obvious at the minima in the form factor and can be used 
to estimate the strength of the 7r°-nucleus interaction [31]. Most of the previous in­
formation on the pion-nucleus interaction is from pion-induced reactions which take 
place in the nuclear surface [30].
1.1.1 Previous Measurements
There is relatively little data on either coherent or incoherent 7r° photoproduction 
from nuclei due to the required high duty factor source of monochromatic or tagged 
photons and the 7r° detector array both being large scale technical developments. Only 
with the commissioning of the high duty cycle, high intensity linear accelerators with 
tagged photon facilities, starting in the mid-seventies, and through recent advances 
in detection and data processing equipment, has it been possible to perform with 
sufficient accuracy pion photoproduction experiments where the contributions of the 
coherent process can be separated from the cross sections leading to excited nuclear 
bound states and to continuum states.
Several high duty factor electron accelerators at energies in the 100 MeV - 10 GeV 
range are now in operation around the world and most of these are equipped to pro­
duce high quality tagged photon beams with good energy resolution. Tagged photon 
beams allow the direct measurement of photonuclear cross sections thus avoiding the
2 A pionic atom is a bound state where a n ~  meson occupies an orbital about a nucleus much like 
that of an electron. These states may be thought of as atomic orbitals with pions instead of electrons, 
with modifications due to the pion’s larger mass and its strong interaction with the nucleus [29].
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various uncertainties and assumptions involved in the extraction of cross sections from 
the yield measurements performed with continuous Bremsstrahlung spectra [32,33]. 
Monochromatic photon beams suitable for experiments such as photomeson produc­
tion have also been produced using a technique involving the backscattering of a 
beam of laser photons from an electron beam circulating in a storage ring such as the 
Laser Electron Gamma Source (LEGS) at the National Synchrotron Light Source, 
Brookhaven, USA [34].
Neutral pions must be detected via their ir° —> 2 j  decay so the technical difficulty 
is simply in assembling a sufficiently large array of individual photon detectors with 
energy and position resolution such that the two decay photons can be observed with 
high efficiency and the pion momentum reconstructed from the photon momenta. 
Only in the past few years have highly segmented arrays of inorganic scintillators 
suitable for this purpose become available.
Early Work
Despite the severe limitations of the available photon sources and detectors for the 7r° 
decay photons, many of the main qualitative features of the coherent (7 , 7r°) process 
were established in the early experiments carried out in the 1950’s.
The first observation of the production of neutral pions by high energy photons 
was made by Steinberger et al. at Berkeley in 1950 [35]. They used the 330 MeV x-ray 
beam of the Berkeley synchrotron to produce neutral pions from hydrogen, carbon, 
and beryllium and observed coincidences between the two ir° decay photons for the 
first time. These photons were detected in two telescopes, each consisting of a veto 
scintillator to reject charged particles followed by a lead converter and two further 
scintillators in coincidence to detect the electron-positron pairs produced in the lead. 
Events were accepted if a photon was detected in each telescope. Aluminium absorbers 
were inserted between the last two crystals of one of the telescopes to measure the 
energy of the electrons produced in the lead converter. However at the energies 
studied the radiation losses are important so all that could be said about the energy 
of the decay photons was that their average energy was approximately 100 MeV. 
The properties of the photon coincidences were studied by measuring their rate as a 
function of the angle between the beam direction and the plane of the telescopes and 
as a function of the angle between the telescopes. They obtained the pion energy by 
assuming that the angle between the telescopes corresponded to a unique energy, that 
corresponding to the median decay gamma-ray opening angle given in equation 1.1, 
where En is the total pion energy and is its rest energy. However, the angular 
resolution of the telescopes was insufficient to give more than a rough indication of 
the energy distribution.
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Over the following years, the group at Berkeley performed a series of experiments 
studying the yields of neutral pions from beryllium [36]. They observed that, as 
expected from the kinematics of 7r° decay, the minimum opening angle between the 
decay photons decreases with increasing 7r°  energy (see section 2.4 and Appendix 
A.2.2), and obtained an angular distribution of 7r° photoproduction made at values of 
decay photon opening angle corresponding to an incident photon energy of 260 MeV. 
This showed the angular distribution for the photoproduction of neutral pions at a 
given photon energy to be strongly forward peaked.
Similar measurements were performed at MIT [37] on hydrogen and at Cornell 
University on hydrogen and deuterium [38,39]. DeWire et al. studied the elastic 
(coherent) photoproduction of neutral pions from deuterium for incident photon en­
ergies of 250-300 MeV and 7r° mesons emitted at 90°-120° in the laboratory frame 
by detecting the recoil deuteron and one pion decay photon in coincidence [40] but 
no attempt was made to measure the angular and energy dependence of the cross 
section. The first measurement of coherent 7r° photoproduction on 4He was made 
by Goldwasser et al. in 1954 [41]. Separation of the coherent process is possible for 
this nucleus because the threshold for 7r° production is 137 MeV but the threshold for 
incoherent production is some 20 MeV above this since 4He has no excited nuclear 
states (threshold for 7  + 4 He —>• 7r° -f3 H  +  p is 158 MeV; 7  + 4 He —> 1r° + 3 He +  n is 
159 MeV; 7  + 4 He -> 7r° + 2 H  + 2 H  is 162 MeV). Counting rates of photon pairs from 
4 He were obtained at incident photon energies of 160 MeV, where the 7r° production is 
confined almost entirely to the coherent process, and at 190 MeV where both coherent 
and incoherent production processes are allowed. The coherent process was found to 
be still important at this higher energy.
The first measurement of the angular distribution and total cross section for 4He 
was reported by deSaussure and Osborne of MIT the following year [42], Measure­
ments were performed as a function of center-of -mass angle for incident photon 
energies of 170-340 MeV by detecting the recoil nucleus rather than the 7r° decay 
photons. This allowed the separation of the coherent process because the 3He nu­
cleus produced in incoherent production along with a pion and a nucleon (reaction: 
7 + 4i7e —> 7r + 3 He +  nucleon) was calculated to be of such a low energy that it would 
not reach the detection plates.
The earliest detailed work on coherent 7r° photoproduction on nuclei with A  > 4 
was carried out at the MIT synchrotron on 12C, 40Ca, and 208Pb by Davidson in 
1959 [3]. The first excited states of 12C, 40Ca, and 208Pb are 4.4 MeV, 3.7 MeV,
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and 2.6 MeV respectively and since the energy resolution of this data was 20 MeV 
it would have been contaminated with incoherent events. The cross section at large 
angles failed to show the expected diffraction structure, indicating that at least some 
of the cross section was incoherent. Unfortunately, this work was never published and 
the only information available on it is that in the paper of Saunders who compared 
his theoretical predictions with it [43] (see section 1.3).
Measurements of the coherent (7 , 7r°) reaction were made on a wide range of nuclei 
by Schrack and a number of collaborators in the late 1950’s and early 1960’s [2,4,5]. 
The measurements used the photon beam from the 170 MeV electron synchrotron of 
the National Bureau of Standards (NBS), USA. Thus the energy region up to around 
35 MeV above threshold was covered but no attempt was made to determine the 
energy of the incident photons. The total yield due to all available photon energies 
was measured. The two pion decay photons were detected in coincidence in a pair of 
detectors consisting of plastic scintillators that observed the electron-positron pairs 
produced from the decay photons in thin lead converters. This gave some information 
on the 7r° energy and an angular resolution not better than 20° (FWHM). However, 
clear signs of diffraction structure were observed in the 7r° angular distributions from 
three large A  targets (Cu, Cd, and Pb) and the rms matter radii for 8 nuclei were 
obtained with accuracies of around 20 %.
Total (7 , 7T°) Cross Section in the Threshold Region and its Photon Energy 
Dependence
Due to the complexity of the detector required to be capable of measuring the energy 
and angle of 7r° mesons, few measurements of the differential (7 , 7r°) cross sections 
were made before 1990. However, it was possible to construct a large angular ac­
ceptance detector capable of identifying neutral pions without giving any energy or 
angle information. This allowed measurements of the total (7 , 7r°) cross section to be 
made in the threshold region where the bulk of the cross section is expected to be 
coherent. Therefore, measurement of the 7r° energy that would be needed to separate 
the incoherent process could be dispensed with.
Argan et al. performed relative measurements of 7r° photoproduction yields on 
hydrogen, deuterium, 3He and 4He in the threshold region in 1980 [44]. Understand­
ing of the experimental results was restricted by experimental aspects, particularly 
calculation of the detection efficiency, as well as theoretical difficulties - there were no 
satisfactory theoretical estimates of the cross sections for the four reactions measured. 
A more refined detection efficiency calculation was performed and a re-analysis of the 
data was reported the following year [45] with a better determination of the threshold 
elementary photoproduction amplitudes on nucleons. The data were re-analysed a
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third time in 1988 [46] following improved measurements having been made on the 
proton by Mazzucato et al. [15].
In the early eighties, the Boston University group studied the gross features of 
photoproduction of 7r° mesons from targets of 6Li, 12C, 28Si, 40Ca, natCd, and natPb 
in the threshold region using the bremsstrahlung beam of the MIT Bates Linear 
Accelerator [47]. The two pion decay photons were detected by converting them in 
a thin lead foil and the resulting electron-positron pairs were detected in two plastic 
Cerenkov detectors. Four of these two-detector sub-systems were placed symmetrically 
on either side of the target producing a detector system with an efficiency relatively 
insensitive to the 7r° production angle except for the highest energies investigated. 
However, the number of data points for a single target was not adequate to unfold 
the yield curve to obtain a total cross section directly so experimental yields were 
compared with theoretical ones. The yields for all nuclei were seen to increase with 
energy at a rate faster than that predicted by simple coherent production which they 
suggested could be explained by incoherent contributions to the cross section where 
the nucleus was left in an excited state. Comparison of the yields from the range of 
nuclei measured indicated the production to scale as A2 as was expected for coherent 
production where the elementary amplitudes of all nucleons add up coherently.
The first measurement of a total cross section for 7r° photoproduction in the thresh­
old region with a tagged photon beam was reported by Jammes et al. [48] in 1989. 
The experiment utilised tagged in-flight positron annihilation monochromatic photons 
and an almost 47r Pb-glass 7r° detector. The data obtained for the 4He(7 , 7r°) reaction 
compared well with the Argan et al. data [46] in which bremsstrahlung yields were 
measured.
A series of total (7 , 7r°) cross section measurements in the threshold region were 
made in the 1980’s at Saclay [48-50] and Tomsk [51] on 6Li, 12C, and 40Ca. The 
incoherent and quasi-free cross sections are both expected to be small in comparison 
with the coherent cross section in the first 10-20 MeV above threshold so these mea­
surements could be done with relatively simple detectors that did not determine the 
energy of the detected 7r° meson. A typical set up was a box of Pb-glass Cerenkov 
detectors positioned closely around the target to detect the two 7r° decay photons 
in coincidence. The results confirmed the importance of the 7r°-nucleus interaction 
and the need to carry out distorted wave calculations to explain the magnitude of 
the measured cross sections which were typically 20 % larger than the plane wave 
predictions (see section 1.3).
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Differential Cross Section Measurements for 4He
As stated previously, differential cross section measurements of the coherent (7 , 7r°) 
process on 4He do not require as high an energy resolution from the 7r° detector as 
measurements on other nuclei. It is also possible to carry out the measurement by 
detecting the recoil 4He nucleus. For these reasons the initial progress with detailed 
studies of the differential cross section was largely confined to 4He.
LeFrangois et al. obtained limited data on 7r° photoproduction in the A resonance 
region - measurements of back-angle differential cross sections only [52]. Measure­
ments were obtained by detecting the recoil nucleus and this experiment, performed 
in 1970, gave believable cross sections at a few photon energies and pion angles.
Tieger et al. provided the first forward angle data for the reaction 4He(7 , ir°)4He in 
the A resonance region [53]. The 7r° was detected directly via its decay photons. The 
7r° spectrometer employed consisted of two independent photon detectors, each con­
sisting of two Pb-glass converter and multiwire proportional chamber arrays followed 
by total-absorption Pb-glass blocks. These made a precise (~4 mm) determination of 
the photon conversion points and a rough (~35  %) measure of the photon energies. 
Events were restricted to the symmetric two photon decay where the photon energies 
are roughly equal so the 7r° energy was determined primarily by the measured opening 
angle of the photons. The spectrometer energy resolution depended on Ew but was 
typically 9 MeV (FWHM) which allowed separation of the coherent process from the 
incoherent reactions of 4He listed earlier. The production angle of the 7r° was deter­
mined with an uncertainty of ±1.0°. Differential cross sections were obtained for a 
limited number of laboratory angles (25°, 40°, 60°, 70°, and 80°) and were found to be 
in agreement with those of LeFrangois et al. [52]. A total cross section was obtained at 
E1 = 290 MeV by integrating the measured angular distributions. However, because 
the data did not cover the whole angular range, an assumed shape for the angular 
distribution was used from the A-hole model of Koch and Moniz [24].
Anan’in et al. also measured the differential cross section for coherent (7 , 7r°) 
production on 4He in the A resonance region [54]. The recoil nucleus was detected 
in a helium streamer chamber in coincidence with one of the pion decay photons. 
The photon was detected in a Cerenkov 7-spectrometer of the total-absorption type 
located at an angle 41° to the bremsstrahlung beam. The gas of the streamer chamber 
was used as the target and as a medium in which the energy of the scattered nucleus 
was determined on the basis of range. They were unable to explain the experimental 
results quantitatively but qualitative agreement was obtained with the A-hole model 
of Koch and Moniz [24].
The reaction 4He(’7f,ir°)4He in the A resonance region was studied with the 
LEGS [34] tagged, polarised gamma ray beam by Bellini et al. [55]. The pion was
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detected through its asymmetric decay in which one of the decay photons takes a large 
part of the pion’s energy and the other low energy photon is emitted in the opposite 
hemisphere. The higher energy photon of the two pion decay photons was detected 
by a high resolution, cylindrical Nal(Tl) scintillator of 48 cm diameter by 48 cm deep. 
The lower energy photon was detected by eight Nal(Tl) bars 10 x 10 x 35 cm3 placed 
around the target with their axis parallel to the beam-line. Data were collected at six 
values of the pion angle (in the centre of mass frame) from 33° to 133° and divided into 
nine energy bins centred at incident photon energies from 206 to 322 MeV allowing 
differential cross sections to be compared with the data of LeFrangois et al. [52] and 
Tieger et al. [53], both of which were performed with bremsstrahlung beams. There 
was good agreement with both sets of previous experimental data.
Rambo et al. performed a similar experiment to that of Bellini et al. at the MAinz 
MIcrotron (MAMI) using the TAPS photon spectrometer and the Glasgow/Mainz 
tagged photon facility [56]. TAPS, a highly segmented array of BaF2 crystals, is 
the best 7r° detector available in Europe at the present time (see section 2.4). The 
differential cross sections were measured over a larger range of photon energies (E,y 
= 200-400 MeV) than Bellini et al. and covered all pion production angles. The high 
angular resolution of TAPS allowed the opening angle between the two decay photons 
to be used to separate the coherent from the incoherent ir° photoproduction processes. 
For this purpose, use was made of the relation
l\)min =  2 sin-1 (1.2)
between the minimum opening angle, ipmin, that corresponds to the symmetric two 
photon decay and the ir° energy, E^, in the laboratory frame (see Appendix A.2 .2). 
Since, as discussed earlier, all incoherently produced 7r° mesons from AHe have at 
least 20 MeV less energy than those produced coherently for a given fixed incident 
photon energy, their opening angles, ip, are shifted to distinctly higher values. This 
shift defines, via equation 1.2 , a range of opening angles that only contains coher­
ently produced 7r° mesons. The resulting differential cross sections were in general 
agreement with those of Bellini et al. [55] except for some deviations especially at the 
highest energies accessible in reference [55]. These extensive results were used to fix 
the parameterisation of the A-nucleus interaction in what is probably the best cur­
rently available theoretical treatment of the coherent (7 , 7r°) reaction [57]. However, 
4He is such an “atypical” nucleon system that the chosen A-nucleus parameters may 
need revision if the model is to account for the present wider ranging data that will 
provide a more severe test of this model.
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Differential Cross Section Measurements for A >  4 Nuclei
After the initial work of Davidson at MIT and Schrack at NBS, progress was very 
slow with most of the measurements performed on 4He where, as described above, 
the lack of excited nuclear states enabled the separation of the coherent process from 
the incoherent processes even with the available poor energy resolution detectors. 
The next set of measurements on heavier nuclei was not performed until 1981 by 
Bellinghausen et al. The photon energy dependence of the (7 , 7r°) cross section at pion 
angles below 10° was examined for 4He, natLi, and 9Be [58], 12C, 13C, and 160  [59] 
across the A-region. The bremsstrahlung beam of the 500 MeV Bonn synchrotron was 
used and the two decay photons of the 7r° were detected in a 7r° spectrometer consisting 
of two Pb-glass detectors with lead collimators and scintillation veto counters. The 
acceptance of the spectrometer was limited to small pion angles so that only the 
coherent 7r° production process would contribute because the momentum transfer 
was too small to excite the nucleus. A water target was used to investigate 16O and 
in this case, the 7r° contribution from the proton was calculated and subtracted from 
the measured yield. Differential cross sections were obtained for 12C and 160  as a 
function of the incident photon energy scaled to a centre of mass pion angle of 10°. 
Measurements were also made with a 13C target in order to investigate if the extra 
neutron compared to the 12C target gave a measurable effect in the 7r° rate. The 
7T° rates for the two carbon isotopes were compared and it was concluded that the 
coherent 7r° production on 13C at small angles was very similar to that on 12C.
In order to make detailed measurements of the coherent angular distribution, it is 
necessary not only to measure the pion direction but also the energies of the incident 
photons and the outgoing pions with a resolution of a few MeV. This energy informa­
tion is needed to enable the separation of the coherent and incoherent yields that is 
required if the interesting detail of the angular distributions in the diffraction minima 
and at backward pion angles, where the incoherent process may dominate, is to be 
observed. This became possible with the advent of tagged photon facilities and the 
first such measurements were made by Arends et al. [6] using the tagged photon beam 
at the Bonn 500 MeV synchrotron. Measurements were performed of the (7 , 7r°) reac­
tion on 12 C covering the whole range of photon energies from threshold to 400 MeV. 
This work produced the first indications of the trends of the cross section with angle 
and energy. A scintillation counter was used as an active 12C target in an attempt to 
separate coherent and incoherent 7r° production. The coherent differential cross sec­
tion was strongly forward peaked whereas the cross section for incoherent production 
was rather flat with a slight decrease at forward angles. However, the 7r° detector 
employed (this consisted of a series of five cylindrical wire chambers covering a solid 
angle of nearly 47r: the first two acted as a charged particle veto, a lead converter
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was positioned between chambers 2 and 3 and chambers 3-5 detected the resulting 
e~e+ pairs from the decay photons) did not have adequate 7r° energy resolution and 
coherent production could not be separated from transitions to excited bound states. 
Comparison with more recent results has shown that such incoherent processes make 
significant contributions to the measured yield in some kinematic regions. The ap­
parent discrepancy found at backward pion emission angles between the result of the 
coherent A-hole model calculation of Koch and Moniz [24] and the experimental data 
was later found to vanish if incoherent contributions are added to the calculation.
Koch et al. performed two experiments in the threshold region on l2C [60] and 
40Ca [31]. The tagged photon facility at Mainz was used, providing E7 =  158-168 MeV, 
and the pion decay photons were detected using a segmented Pb-glass detector array 
with good photon position but poor photon energy resolution resulting in a pion 
energy resolution of around 9 MeV. This was not good enough to separate the coherent 
and the incoherent processes. An investigation of the 12C (7 , 7r°) reaction revealed the 
presence of incoherent contributions by examining the angular variation of the average 
emitted pion energy after an angle dependent correction for the nuclear recoil. The 
so-corrected pion energy was not constant as it should be for a coherent process 
but was decreased by 1-2 MeV for backward pion emission near threshold. This 
was a clear indication of excitation in the residual nucleus but the incoherent and 
coherent contributions could not be quantified. For 40Ca, the variation in the pion 
decay photon opening angle with pion energy was used to obtain a separation of 
the coherent and incoherent processes. For a given pion energy the opening angle ip 
between the two decay photons is distributed between a minimum value 'ipmin, given 
by equation 1.2, and 180° with 4>min being strongly favoured by phase space (Jacobian 
peak distribution). In incoherent pion production the energy of the emitted pion is 
reduced by the excitation energy of the nucleus, leading to
« 0h > (1-3)
Therefore, for example, the first excited state of 40Ca is at 3.35 MeV so the min­
imum opening angle for incoherent production must be at least 4° larger than for 
coherent pion production. The typical excitation energy was said to be 8 MeV re­
sulting in a difference in opening angle in the coherent and incoherent reactions of 
9°. The opening angle resolution was 8°. A corresponding cut on the opening-angle 
distribution strongly selects coherent production but also results in a low efficiency in 
pion detection. However, there was good separation of the coherent events for 40Ca 
and the resulting angular distribution demonstrated a clear diffraction minima for 
the first time. The magnitude of the cross section along with the shift in the posi­
tion of the diffraction minima of the experimental data compared with plane wave
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impulse approximation predictions (see section 1.3), confirmed the need to include 
the 7r°-nucleus interaction in any theory of the process. The incoherent cross section 
was also determined by subtracting the obtained coherent cross section from the total 
cross section. The shape looked as expected, rather structureless with a much slower 
variation with pion angle than the coherent cross section.
Belousov et al. measured differential cross sections for the photoproduction of 7r° 
mesons on 6Li, 12C , 27Al, natCu , and natCd as functions of incident photon energy 
in the A-region (E7 = 300-450 MeV) at a mean pion centre of mass emission angle 
of 8.4°. The energy resolution of the ir° meson (~ ±3.4%) was sufficient that the 
contribution of the incoherent process to the measured cross section was estimated 
at not more than ^  10 % allowing comparison of the measured cross sections with 
theoretical calculations of coherent production. The 12C data gave cross sections 
considerably smaller than that of Bellinghausen et al. [59]. This was attributed to 
a large contribution from the inelastic process or to possible systematic errors in 
the determination of the pion detection efficiency in the latter’s data. Belousov et 
al. concluded that there seemed to be an indication of a decrease of the width of 
the A resonance in photoproduction on account of its interaction with the nucleus 
and an indication of some increase of its mass. This contradicted the conclusions 
of Bellinghausen et al., which was attributed to the lack of data at incident photon 
energies above 400 MeV in reference [59].
Gothe et al. measured coherent 7r° photoproduction on 12C and 13C near the 
threshold region (used 170.1 MeV < E7 < 176.8 MeV) using the tagged photon facil­
ity at Mainz and produced absolute differential and integrated-over-angle cross sec­
tions [61]. The pion decay photons were detected in coincidence using the Giessen- 
Mainz 7r° spectrometer which consisted of two blocks, each comprising 8 x 11 Pb-glass 
modules, that could be adjusted in all three dimensions to optimise the ir° detec­
tion efficiency and the angular resolution. The Pb-glass detectors had poor energy 
resolution (aw =  30.3 MeV) so event-by-event separation of the coherent 7r° produc­
tion reaction was only possible by taking advantage of the good angular resolution 
(cr77 =  2.34°) of the spectrometer. The data were restricted by setting the spectrom­
eter to observe symmetrical pion decay into two photons. This reduced the energy 
resolution to av =  2.91 MeV, allowing the suppression of the incoherent contributions 
to less than 0.6 % for 12C and 1.1 % for 13C. The integrated-over-angle cross sections 
extracted for 12 C showed the coherent cross section to be significantly smaller than 
the total cross section (obtained by accepting all pions whether they were produced 
coherently or incoherently) with the latter agreeing well with the results of previous 
experiments at lower energies where the coherent could not be separated [48,50,60]. 
Previously, the theoretical calculations of the coherent 12C(7 , 7r°)12C cross section
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could only be compared with total cross section measurements. Comparison with this 
data showed that the Distorted Wave Impulse Approximation (DWIA) calculations 
of Boffi et al. [62] and Chumbalov et al. [63] overestimated the measured coherent 
cross section in this energy region. The discrepancies were much stronger for 13C 
where even the shape of the differential cross section was not reproduced. The ratio 
of the absolute coherent (7 , 7r°) cross sections of 13C to 12C at forward angles agreed 
with the relative measurement of Bellinghausen et al. [59], However, comparison of 
the total differential cross sections with the coherent ones revealed significant inco­
herent contributions at small pion angles for both targets which disagrees with the 
assumption of reference [59].
Schmitz obtained the first separation of the coherent and incoherent processes 
for 12 C in the A-region but only a small 7r° angular range (0*. =  60 ±  10°) was 
measured [64]. The pion was detected through its asymmetric decay. The high energy 
photon was detected using large Nal crystals and an array of 61 BaF2 detectors was 
used for the low energy decay photon. The pion energy resolution was 6-8 MeV 
(FWHM) which is better than that of Koch [60]. The coherent process was isolated 
over the whole A-region up to 430 MeV. In addition, the 4.4 MeV decay photons 
from the incoherent reaction populating the first excited state in 12C were detected 
directly enabling the incoherent cross section to be determined. This measurement 
set the new standard for measurements in the A-region but because of the limited 
angular range it did not provide a strong test of the theoretical models.
Bergstrom et al. performed a series of measurements on 12C [65], 2H  [66] and 
6Li [67] using the tagged photon facility at the Saskatchewan Accelerator Laboratory 
(SAL), Canada, in conjunction with the large acceptance calorimeter IGLOO [68]. All 
measurements were made within the region 25 MeV above threshold. The 7r° spec­
trometer IGLOO consists of a rectangular box of 68 Pb-glass detectors symmetrically 
arranged to define a hollow cave of dimensions 100 x 40 x 40 cm. In this “closed” con­
figuration the large geometric acceptance is exploited to perform total cross section 
measurements. Pion angular distribution measurements are performed by splitting 
IGLOO along a diagonal of the cave and retracting each L-shaped arm about 42 cm 
in order to enhance the angular resolution to the 7r° decay photons. The total cross 
section measurements for 12C were in good agreement with previous results from 
Saclay [48,50] and Mainz [60,61]. However, the pion angular distributions were not 
unfolded from the intrinsic pion angular resolution of the 7r° spectrometer which was 
typically 25-35° (FWHM) but were analysed to obtain a measure of the incoherent 
(7 , 7T0) transition strength to the 4.43 MeV (2+) state. The 6Li cross sections ex­
ceeded those of Glavanakov et al. [51] by as much as 50 % but the cross sections of 
the latter were determined by means of the bremsstrahlung-difference method while
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the Bergstrom et al. measurements employed tagged photons. Bergstrom et al. took 
advantage of the cancellation of the spin-amplitudes in 12C  and extracted the elemen­
tary p-wave amplitude, P^+\  from the 12C data. The value obtained was in agreement 
with that of the free nucleon, i.e. there was no change of the basic amplitude when 
the reaction takes place in the nuclear medium.
The most recent measurements made on the (7 , 7r°) reaction were from an exper­
iment mainly intended to study 27t° production. Krusche et al. performed measure­
ments on 12C, 40Ca, 93 Nb, and natPb using the tagged photon facility at Mainz [69]. 
Incident photon energies throughout the A-region (2?7 =  200-400 MeV) were exam­
ined. The pion decay photons were detected using TAPS as it was at the time - 320 
BaF2 detectors as opposed to the current 522. Energy resolution deteriorates as pion 
energy increases so the separation of the coherent and incoherent processes becomes 
more difficult at high incident photon energies. However, separation was attempted 
by the “energy difference” analysis described by Rambo et al. for 4He [56]. Con­
tributions from breakup reactions were practically completely removed in this way 
but incoherent excitations to low-lying nuclear states were incompletely suppressed. 
A clear diffraction structure due to the nuclear form factor was seen for all targets 
and the approximate validity of the Plane Wave Impulse Approximation (PWIA) 
was demonstrated at the lowest incident photon energies around 220 MeV. Reason­
able agreement was only obtained at higher energies with the A resonance model of 
Dreschel et al. [57] that takes the A-nucleus interaction into account. As stated ear­
lier, the A-nucleus interaction parameterisation for this model was extracted from the 
4He data of Rambo et al.. Dreschel et al. suggested that the A-nucleus interaction 
saturates for 4i7e. The data of Krusche et al. indicated that the A-nucleus interaction 
can be parameterised for heavy nuclei with the same potential parameters as for 4He 
since the agreement between the model predictions and the data was very good for 
l2C and 40Ca and still reasonable for natPb.
1.1.2 Glasgow Experiment - Mainz 1999
In late 1999, a series of measurements of 7r° photoproduction were made at the tagged 
photon beam facility MAMI-B in Mainz, Germany on 12C, 160 , 40Ca, and 208Pb. 
The electron beam was used at a reduced energy of 405 MeV to obtain a photon 
energy resolution from the Glasgow Tagger of 1 MeV. The pions were detected via 
their decay photons using the detector array TAPS (originally a Two Arm Photon 
Spectrometer). The energy resolution of TAPS is good (pion energy resolution is 
about 3 MeV FWHM at incident photon energies around 200 MeV, [70,71]) and a 
comparison between the incident photon energy and the total pion energy has been 
used successfully in an earlier experiment to separate the coherent and incoherent
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processes as discussed in the previous section [69] (this method is described in detail 
in section 4.7.2). However, two large sodium iodide (Nal) detectors were introduced 
to attempt to detect the additional decay photons resulting from incoherent pion 
production when the nucleus returns to its ground state (the TAPS detector itself did 
not have a sufficient dynamic range to detect the nuclear decay photons at the same 
time as the high energy photons from the 7r° decay). It was hoped that this would 
aid the separation of the coherent process and maybe even enable the investigation 
of the incoherent processes. At the time of the experiment, TAPS consisted of 522 
barium fluoride (Bai7^ ) crystals arranged to cover a wider pion angular range than 
that obtained by Krusche et al. [69] in order to facilitate the extraction of the total 
cross section.
The first results from 12C and 40 Ca have been reported in a recent thesis [72]. 
The data presented here represents the first complete measurement of differential and 
integrated cross sections for 160  and 208Pb. Both are spin-zero nuclei for which both 
N and Z are magic numbers according to the shell model. Oxygen has been treated 
many times by theorists in their models [22,23,25,73-75] but there has been only one 
previous experimental measurement, performed by Bellinghausen et al. in 1982 [59] 
and that was made at only one pion centre of mass angle (see section 1.1.1). A pure 
208Pb target was purchased from ISOFLEX Isotopes, Moscow. As stated earlier, 208Pb 
lead is potentially very interesting as it has a complete extra shell of neutrons and so 
could give new information on how the neutron distribution compares with that of 
the protons. The previous measurement was on natural lead [69] which is only 52.4 % 
208Pb and the other isotopes affect the resultant cross sections.
The range of nuclei studied should enable the A-dependence of the cross section 
to be determined. A more sophisticated analysis was performed on the 12C and 40Ca 
data from [72] for this A-dependence assessment.
Further details on the experimental set-up are given in chapter 2.
1.2 Neutral Pion Photoproduction
Yukawa proposed in 1935 that the strong force was carried by particles exchanged 
between nucleons [76]. These exchanged particles are called mesons and the lightest 
of the mesons, the 7r-meson or simply pion, is responsible for the major portion of 
the longer range (1.0 to 1.5 fm) part of the nucleon-nucleon potential. There must 
be three pions with charges of + 1, 0 and -1 in order to satisfy all the varieties of the 
exchanges needed in the two-nucleon system. The pions have spin 0 and rest masses of 
139.57 MeV (for 7r±) and 134.98 MeV (for 7r°) [77]. The single pion that is exchanged 
between two identical nucleons must be a 7r° but the neutron-proton interaction can
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be carried by charged as well as neutral pions. Other mesons, including p and co, 
contribute to the short-range nuclear interaction.
The pion is the lightest meson and as such it cannot decay into lighter strongly 
interacting particles by the strong interaction (characteristic lifetime 10-22 seconds). 
It must decay by the much slower electromagnetic or weak interaction and therefore 
with a much longer lifetime. The 7r° usually (branching ratio 98.798 %) decays elec- 
tromagnetically into two gamma-rays in a time of the order of 10“ 16 seconds [77]. 
Thus it is detected via its decay products. Details on the detection of neutral pions 
in the present experiment are given in chapter 2 .
1.2.1 Production on a nucleon
A photon incident on a nucleon couples to the nucleon electromagnetic current result­
ing in meson production if the photon energy is sufficiently high. The production of 
photomesons is dominated by the production of single pions and pion pairs for photon 
energies up to 1 GeV [30].
The main Feynman diagrams for single neutral pion photoproduction from a nu­
cleon are shown in Figure 1.1. In the first two diagrams, (a) and (b), the photon 
interacts with the charge and the magnetic moment of the nucleon and the pion is 
“shaken off” after or before the absorption of the photon [78]. These two processes 
have different signs and almost cancel each other.
The mass of the A, which is involved in diagrams (c) and (d), is 1232 MeV which 
is around 300 MeV greater than the mass of both the proton and the neutron. In 
the process shown in Figure 1.1(d), the pion is emitted before the photon is absorbed 
which would require the intermediate A to be more than 400 MeV off its mass shell. 
Hence the contribution from this process is very small. The mass of the lo is 782 MeV 
which is much greater than the energy available in the experiment described here. 
Hence the contribution from the process illustrated in Figure 1.1(e) is also very small.
Therefore, the process shown in Figure 1.1(c) dominates at all incident photon 
energies except very close to the 7r° production threshold. This is because close to 
threshold there is not enough energy for the pion to have an orbital angular momentum 
but, for process (c), the pion must have an orbital angular momentum of 1 h as the A 
has spin | .  Thus the contribution due to Figure 1.1(c) vanishes and the cross section 
is determined by the other processes shown in Figure 1.1.
1.2.2 Production on a nucleus
The elementary production operator for free nucleons is used as a starting point to 
describe nuclear pion photoproduction. Additionally, the modification of the produc-
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(a) (b)
(d)(c)
■■co
(e)
Figure 1.1: The main Feynman diagrams contributing to neutral pion pro­
duction on a nucleon: (a) and (b) are the Born terms for single neutral pion 
photoproduction from a nucleon; (c)-(e) are the isobar and heavy meson diagrams 
for single neutral pion photoproduction from a nucleon. The production process is 
dominated by (c).
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tion operator by the surrounding medium, the nuclear structure, and the interaction 
of the pion with the final nucleus have to be taken into account.
The characteristic features of nuclear pion photoproduction processes depend on 
the excitation energy of the residual nuclear system. The coherent reaction leaves the 
residual nucleus in its ground state with zero excitation. Pion production may also 
lead to discrete excited states of the residual nucleus. At higher excitation energy the 
nucleus can be excited to a continuum of particle unstable giant resonance states. At 
even higher excitation energy the pions are mainly produced on quasifree nucleons 
which are knocked out of the nucleus.
Coherent production of neutral pions is especially interesting as the coherent addi­
tion of the production amplitudes on all the nucleons provides a dramatic enhancement 
of the cross section for the ground state transition compared with the corresponding 
process for charged pions. For coherent pion production from even-even nuclei (0+- 
ground state), angular momentum conservation implies that the neutral pion will be 
emitted as a p-wave (/ =  1). Since parity is conserved, Ml-photon absorption is 
dominant and this proceeds mainly via A-excitation apart from small Born term and 
o;-exchange contributions. A comparison of (7 , 7r°) experiments on the proton and on 
complex nuclei can therefore shed light on the modification of the A in nuclear matter 
and on the final state interaction [60].
The cross section for a spin-zero nucleus with A  nucleons can be written, neglecting 
7r° final state interactions, as given in equation 1.4 (see section 1.3.1). This simple 
picture accounts quite well for the shape of the measured angular distributions. At 
small angles the shape of the differential cross sections is governed by the sin2 9 term, 
at large angles and at high photon energy by the steep fall-off of the nuclear form 
factor (F(q)) with increasing momentum transfer (q). The form factors used in the 
theoretical models that will be compared with the experimental data presented here 
are shown as a function of q in Figure 1.2. These are based on the assumption that 
the matter distribution has the same shape as the charge distribution.
1.3 Theoretical Descriptions
The simplest theoretical description of pion photoproduction is that of the plane wave 
impulse approximation (PWIA). This assumes that the incident photon interacts only 
once and that there is no final state interaction (FSI) between the pion and the nucleus. 
The FSI was first taken into account by the distorted wave impulse approximation 
(DWIA). This theory treats the pion-nucleus attraction dynamically starting from the 
elementary pion-nucleon amplitude and uses a complex pion-nucleus optical potential 
to distort the outgoing wave.
R .  S a n d e r s o n P h D  T h e s i s O c t o b e r  2 0 0 2
CHAPTER 1. INTRODUCTION 19
O 10
' P b
F i g u r e  1 .2 : T he m a tte r  form factors: T h e  m a t t e r  f o r m  f a c t o r s  u s e d  in  t h e  t h e o ­
r e t i c a l  c a l c u l a t i o n s  o f  [79].
H o w e v e r ,  F S I  is  o n l y  o n e  a s p e c t  o f  t h e  m e d i u m  e f f e c t s  d u e  t o  t h e  m o d i f i c a t i o n  o f  
t h e  p i o n  p r o p a g a t o r  in  t h e  n u c l e a r  m e d i u m .  W h e n  t h e  o u t g o i n g  p i o n  e n e r g y  e x c e e d s  
10 0  M e V  i t  b e c o m e s  i n c r e a s i n g l y  p r o b a b l e  t h a t  i t s  c o l l i s i o n s  w i t h  n u c l e o n s  in  t h e  
r e s i d u a l  n u c l e u s  w i l l  r e s u l t  in  A  e x c i t a t i o n  a n d  t h i s  c a n  n o t  b e  p r o p e r l y  a c c o u n t e d  f o r  
b y  a n  o p t i c a l  p o t e n t i a l .  T h e  m o d i f i c a t i o n  o f  t h e  A  r e s o n a n c e  c h a r a c t e r i s t i c s  ( w i d t h  
a n d  p o s i t i o n )  i n s i d e  t h e  n u c l e u s  w e r e  f i r s t  t a k e n  i n t o  a c c o u n t  in  t h e  i s o b a r  d o o r w a y  
m o d e l  ( I D M )  a n d  t h e  A - h o l e  m o d e l .  T h e  l a t t e r  t a k e s  t h e  m o d i f i c a t i o n s  o f  t h e  A  
r e s o n a n c e  p r o p e r t i e s  i n t o  a c c o u n t  b y  m e a n s  o f  a  A - n u c l e a r  p o t e n t i a l  c o n s t r u c t e d  u s i n g  
e x p l i c i t  e x p r e s s i o n s  f o r  t h e  c o n t r i b u t i o n s  o f  t h e  s i n g l e  p a r t i c l e  s t a t e s .  T h e  r e m a i n i n g  
p a r t  o f  t h e  A - n u c l e a r  i n t e r a c t i o n  w a s  c o n s i d e r e d  p h e n o m e n o l o g i c a l l y  b y  a  A  s p r e a d i n g  
p o t e n t i a l .  P a u l i  b l o c k i n g  a n d  F e r m i - m o t i o n  c o r r e c t i o n s  w e r e  a l s o  i n c l u d e d .
R e c e n t l y  t h e  D W I A  a p p r o a c h  h a s  b e e n  r e t u r n e d  t o  a n d  e x t e n d e d .  D r e s c h e l  e t  
a l .  [57, 80] h a v e  p r e s e n t e d  a  c a l c u l a t i o n  s t a r t i n g  f r o m  t h e i r  U n i t a r y  I s o b a r  M o d e l  
( U I M )  f o r  t h e  e l e m e n t a r y  r e a c t i o n  a n d  i n c l u d e d  a  p h e n o m e n o l o g i c a l  p a r a m e t e r i s a t i o n  
o f  t h e  A  s e l f - e n e r g y .  A  r e l a t i v i s t i c  n o n - l o c a l  m o d e l  i n c l u d i n g  m e d i u m  m o d i f i c a t i o n s ,  
e .g .  i n  t h e  p r o d u c t i o n  o p e r a t o r  o f  t h e  A  r e s o n a n c e ,  h a s  b e e n  d e v e l o p e d  b y  P e t e r s  e t  
a l .  [81].
F u r t h e r  d e t a i l s  o f  t h e s e  t h e o r e t i c a l  t r e a t m e n t s  o f  n e u t r a l  p i o n  p h o t o p r o d u c t i o n  a r e  
g i v e n  i n  t h e  r e m a i n d e r  o f  t h i s  s e c t i o n .
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1.3.1 The Plane Wave Impulse Approximation
The PWIA is the simplest theoretical description of coherent pion photoproduction. 
Final state interactions of the photoproduced pion with the surrounding nucleons are 
neglected, i.e. the pion leaves the nucleus as a plane wave. The coherent cross section
The photon energy and pion angle in the photon-nucleon centre of mass system (E * 
and 9*) are evaluated in the factorisation approximation from
where the average momentum Pn of the nucleon follows from the momentum transfer 
qX to the nucleus.
For a spin-zero nucleus all the spin-dependent terms in the elementary cross section 
cancel and only the spin-independent elementary cross section contributes. This is 
given by [57]
The dominant process contributing to the spin-independent amplitude f2(E*,9*) is 
the A excitation.
be made, the cross sections calculated with this amplitude (hereafter called the CGLN- 
amplitude) compared well with the available data on the reactions 7  +  p —> 7r+ +  n
for spin-zero nuclei can be written, neglecting any FSI and medium effects as [57]
d a  p w i a (1.4)
where
E-f = incident photon energy [MeV]
9n = pion polar angle in the photon — nucleus centre of mass system [radians]
A  =  atomic mass number
rriN =  nucleon mass [MeV]
F(qj4) =  nuclear matter form factor
qA = momentum transfer [MeV/c]
s =  square of the total energy of the photon — nucleon pair [MeV2]
E* = photon energy in photon — nucleon centre of mass system [MeV]
9* =  pion angle in photon — nucleon centre of mass system [radians]
(1.5)
(1.6)
with the pion and photon momenta q*, k* in the photon-nucleon centre of mass system.
Chew et al. [82] used dispersion relations to obtain a general amplitude for photo­
production from nucleons. Even though a number of simplifying assumptions had to
R. S a n d e r s o n P h D  T h e s i s O c t o b e r  2 0 0 2
CHAPTER 1. INTRODUCTION 21
and 7  + p —> 7r° +  p. In 1967 Berends et al. [83] used dispersion theory to predict the 
elementary pion photoproduction multipole amplitudes (hereafter called the BDW- 
amplitude), basically along the same lines as CGLN but carried out in much more 
detail. Applications to nuclear photoproduction were made by Devanathan and Ra- 
machandran [84-87] to study charged and neutral pion production from deuterons and 
later from heavier nuclei. Their formalism was based on the impulse approximation 
using the CGLN-amplitude for the photoproduction operator, and harmonic oscillator 
wavefunctions for the nuclear states. Final state interactions (FSI) between the pion 
and the nucleus were not considered explicitly but simulated in a phenomenological 
way by the surface production model. In this model it is assumed that pions produced 
inside the nucleus are reabsorbed and therefore contributions to the cross section come 
only from the production of pions in the peripheral regions of the nucleus. For the 
first time transitions to discrete nuclear states were considered in detailed microscopic 
shell model calculations.
In the work presented here, comparisons with the PWIA theory were made using 
the CGLN-amplitude fa taken from a unitary isobar analysis of pion photoproduction 
and averaged over proton and neutron numbers [69,80].
The characteristic features of the PWIA are that its magnitude is proportional 
to the square of the number of nucleons, and that the shape of the differential cross 
section is described by the square of the form factor and modulated by the sin2(0J) 
term. Krusche at al. have recently demonstrated the approximate validity of the 
PWIA for low incident photon energies [69]. At higher incident photon energies, 
PWIA does not describe the reaction well because significant final state interactions 
occur due to the strong interaction between the pion and the nucleus.
1.3.2 The Distorted Wave Impulse Approximation
The DWIA group of models aims at the study of the pion-nucleus interaction and 
the in-medium properties of the pion. The starting point is the elementary pion- 
nucleon amplitude and the FSI of the pion in the nuclear medium is taken into account 
but medium modifications of the resonance properties are neglected. The necessary 
nuclear structure information can be adopted directly from electron-scattering form 
factors. Early calculations took the FSI of the pion into account dynamically by a 
complex pion-nucleus optical potential which distorts the outgoing pion wave (changes 
its wavelength and introduces damping). The distorted wavefunction of the pion was 
obtained in position coordinate space by solving the Klein-Gordon equation with an 
optical potential for every partial wave that significantly contributes to the cross 
section.
The optical potential plays a crucial role since it takes care of the corrections
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due to the interaction of the propagating particle with other nucleons in the nuclear 
medium, Pauli blocking, and binding energy effects. These are all essential for an off- 
shell extrapolation but are ignored in PWIA. In coherent (7 , 7r°), the general shape 
of the angular distributions is mainly determined by the nuclear density distribution 
but the absolute size of the theoretical cross section depends sensitively on the optical 
parameters chosen. The pion optical potential of Strieker et al. [88,89], where good 
fits to low-energy pion scattering on light nuclei were achieved, has been used by a 
number of authors [62,73]. It has the basic form suggested by Kisslinger [90]:
—27r
V(r) = ------ [g(r) -  Va(r) • V] (1.7)
where p =  m*+mT *s reduced mass of the pion with and trt the mass of the 
pion and the target respectively. The functions q(r) and a(r) are proportional to the 
nuclear matter density p(r) through a factor related to the pion-nucleon s- and p-wave 
scattering length respectively.
Saunders was the first to study the effect of the FSI between the pion and the 
residual nucleus explicitly using an optical model [43]. His calculations for coherent 
pion production from 12C, 40Ca and 208Pb yielded results that were much lower than 
the experimental data available at the time [3] due to the lack of reliable pion-nucleus 
optical potentials. This was interpreted by some authors as the failure of the DWIA 
theory to explain the coherent 7r° production from nuclei and thereby stimulated other 
approaches to this problem, namely the isobar doorway model (IDM) and the A-hole 
model (see next section).
Girija et al. performed DWIA calculations on 4 He, 12C, 160 , and 40Ca in 1983 and 
found good agreement with the available data [73]. Their calculations also compared 
numerically with other calculations using the IDM and the A-hole model implying 
that these calculations all include the medium effects on the production operator and 
the final state interactions to the same extent [30].
A large variety of results were produced as a result of different choices being made 
on how to use the free-nucleon amplitude in a nuclear environment and selection of the 
pion-nucleus optical potential [43,62,73,75,91]. More recent calculations have been 
carried out in momentum space [63,92,93] with the advantage that the Fermi motion 
of the nucleons inside the nucleus can be taken into account and that the distortion 
of the pion wavefunction can be related directly to the pion-nucleus interaction.
1.3.3 The Isobar Doorway M odel and the A-hole Model
A different approach for a theoretical description of 7r°-photoproduction from complex 
nuclei uses the fact that the dominant feature of intermediate energy photon-induced
R. S a n d e r s o n P h D  T h e s i s O c t o b e r  2 0 0 2
CHAPTER 1. INTRODUCTION 23
reactions is the excitation of the A resonance. Subsequently, the phenomenological 
isobar-doorway model (IDM), which treats the isobars3 as nuclear constituents, was 
employed for a study of the reaction in 12C using the isobar-nuclear form factor 
obtained by fitting pion-nucleus elastic scattering data [94]. A dip in the angular 
distribution corresponding to the first diffractive minima of the pion-nucleus elastic 
scattering cross sections (around 50°) was found for an incident photon energy of about 
250 MeV. This was a consequence of only having a single form factor parameterising 
the total amplitude. However, the IDM did give substantial cross sections for large 
angles as is seen in the experimental data. The model was refined by modifying the 
transition operator to account for many body effects [25]. This modification adopted 
the same method as that employed for the pion-nucleus optical potential [95] and 
also took into account the non-locality associated with the isobar propagation and 
recoil corrections. A fairly good fit was obtained to the then existing data for n° 
production from 12C [3] and 4He [96]. However, since the 12C data is known to have 
been contaminated with contributions from incoherent processes, this agreement is 
not necessarily a sign of the success of the model.
Another theoretical approach similar to the IDM is the A-hole model. This studies 
the in-medium properties of the A resonance with special attention to the A and ir 
dynamics but mostly without non-resonant contributions in the elementary produc­
tion process [22-24,27,74]. It has been used mainly in the A resonance region with 
considerable success [23,24].
The DWIA assumes that the pion is produced on one nucleon and describes the 
effect of the other nucleons as a mean field in which the pion propagation takes place. 
It assumes that the properties of the A particle that takes part in the production 
process are the same as those of a free A particle so that the elementary amplitude 
is unaffected by the nuclear medium.
The basic hypothesis of the A-hole model is that the A is a nuclear quasi-particle 
which can be treated as a separate nuclear species on an equal footing with the 
nucleon, i.e. the A particle interacts strongly with the other nucleons inside the 
nucleus. Modifications of the properties of the A (change in the mass and width of 
the A resonance) are taken into account using a complex potential to parameterise 
the interaction of the A-hole (the A and the missing nucleon) with the nucleus. The 
result is a reduced cross section compared with the PWIA calculation, which has been 
shown to compare favourably with experiment in the A resonance region [24].
In the A-hole formalism of Koch and Moniz [24], the A-hole Hamiltonian (H&h) 
incorporates the A propagation effects through the kinetic energy operator (K&) 
and the binding effects through the potential (Va) and hole energy ( H a - i )  in the
3Isobars are excited nucleon states of isospin I  =  |(iV*) and I  =  §(A).
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A-Hamiltonian (HA):
Hah = l{E )H A + SW + Wir + Vsp (1.8)
where
HA = K A + VA + Ha_ i (1.9)
Pauli blocking of the A decay in the nuclear medium is given by 5W. This produces
a substantial reduction in the free A width in nuclei, because the intermediate decay
will be partly blocked by the nucleons in occupied states, and shifts the resonance up 
in energy. The term Wv describes the intermediate pion propagation in the presence 
of the nuclear ground state and corresponds to multiple scattering or, equivalently, 
to iteration of the optical potential in pion-nucleus scattering. Taken together, these 
terms constitute the full first order optical potential, including binding, recoil, and 
exchange effects and are evaluated microscopically in the space of the A-hole config­
urations. In contrast Vsp, the spreading potential, is a phenomenological term that 
represents coupling to multi-hole intermediate channels, and in particular to states 
reached by pion absorption via the mechanism ttN N  —> A N  —>• N N .  It is taken to be 
a complex (optical) potential for the A proportional to the local density. Although Vsp 
itself is energy independent, its effect on the photoproduction amplitude has a strong 
energy dependence. For example, it increases damping of the pion wavefunction far 
from the resonance and decreases it near the resonance.
Oset and Weise developed a microscopic approach for the calculations of the A- 
nuclear interaction [22]. Medium effects were considered in terms of the A self-energy 
in the nuclear medium calculated using a microscopic many-body framework. The 
A self-energy contained Pauli corrections resulting from the partial blocking of the 
A-decay into occupied nucleon states, absorption corrections that take into account 
the coupling of the A-hole states to the 2p-2h continuum (the main channel for 7r- 
absorption) and other rescattering corrections (reflection terms: where the tt from 
the A-decay is allowed to rescatter resonantly from the nucleus). Carrasco et al. 
suggested a less sophisticated approach based on the local density approximation [27] 
that was able to separate contributions of the quasielastic, two-, and three-body pion 
absorption processes. Both these models were quite successful in describing pion 
photoproduction on heavy nuclei.
Takaki et al. extended the A-hole approach to incoherent 7r° photoproduction 
where the nucleus is excited to a discrete state [26]. The nuclear production amplitude 
was considered in two parts:
T ^ °  = T nr  + Ta (1.10)
where T ^ r is the non-resonant production part containing background terms and TA
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is the A-part of the the amplitude. The former was treated in the DWIA and the 
latter was calculated in the A-hole formalism. The data of Arends et al. [6] was 
compared with the coherent calculation and with the calculation of the coherent plus 
contributions from the three lowest 12C states. The coherent alone did not describe 
the data: the calculated cross section was too low in the peak area and dropped off 
faster with increasing 9 The incoherent cross sections, mainly from the 2+ and 3“ 
states, gave a large contribution at larger angles, where the transition form factor 
peaks. Due to the transverse nature of the photon coupling, the elementary pion- 
photoproduction amplitude is proportional s in ^ . Therefore, 7r° photoproduction is 
favoured at larger angles where, however, the coherent form factor is much smaller. 
The incoherent form factor grows with increasing 6^, hence the s in ^  helps to enhance 
the incoherent photoproduction cross section. The combined coherent and incoherent 
cross section gave a better description of the experimental data.
1.3.4 The A Resonance Energy Model
The most recent development in the theoretical description of neutral pion photopro­
duction on nuclei is the A resonance energy model (DREN) of Dreschel et al. [57,80].
The DWIA gives a good description of the neutral pion photoproduction process 
for photon energies close to threshold but the optical potential that represents the 
propagation of the tt° is not enough in the resonance region. It is necessary to put 
in explicitly that as the pion propagates it changes from being a pion by combining 
with a nucleon to form a A. The IDM and A-hole models consider the A-nucleus 
interaction and have the advantage that they provide a clear visual picture of the 
production, propagation and the decay of the A within the nucleus. However, they 
are greatly restricted to the energy region where the isobar contribution dominates.
The DREN model uses the DWIA approach and extends it to include the medium 
modification of the A resonance properties via a parameterisation of the A self-energy 
which modifies the effective mass of the A. This offers the possibility of a model that 
describes pion production at all photon energies.
The A self-energy was fitted using data from the 4i7e(7 , 7r°)4He reaction [56,57] 
and this single parameterisation is assumed to be suitable for calculations on all nuclei. 
Dreschel et al. have compared their prediction with available 12 C{7 , 7r°)12C data [6,64] 
which suggests that the A-nucleus interaction has already saturated for 4He leading 
to the conclusion that this assumption is valid. This has been confirmed by recent 
measurements by Krusche et al. in the resonance region on 12C, 40 Ca, 93Nb, and 
natPb [69] where this theoretical model gave the best agreement with the data.
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F i g u r e  1.3 : Theoretical calculations of a: ( a )  160 ,  ( b )  208Pb] f r o m  [79].
1.3.5 Overall Trends of the T heoretica l P red ictions by Ka-
T h e  r e c e n t  c a l c u l a t i o n s  b y  K a m a l o v  [79] a r e  b y  f a r  t h e  m o s t  c o m p r e h e n s i v e  a v a i l a b l e  
g i v i n g  t h e  b a s i c  P W I A  r e s u l t  a n d  t h e  e f f e c t s  o f  p i o n  d i s t o r t i o n  ( D W I A )  a n d  t h e  A -  
n u c l e u s  i n t e r a c t i o n  ( D R E N )  f o r  f o u r  n u c l e i ,  12C ,  lc O ,  40C a ,  a n d  208Pb  s p a n n i n g  t h e  
p e r i o d i c  t a b l e .
F i g u r e  1 .3  s h o w s  t h e  160 ( y ,  7r 0) 16O  c r o s s  s e c t i o n  a n d  t h e  208P 6(7 , 7r ° ) 208P 5 c r o s s  
s e c t i o n ,  t h e  r e d  p l o t  is  f o r  t h e  P W I A  c a l c u l a t i o n ,  t h e  g r e e n  is  f o r  t h e  D W I A  c a l c u l a ­
t i o n ,  a n d  t h e  b l u e  is  f o r  t h e  D R E N  c a l c u l a t i o n ,  a l l  f r o m  [79].
P i o n  w a v e  d i s t o r t i o n  f r o m  r e s c a t t e r i n g  m o d i f i e s  t h e  t o t a l  P W I A  c r o s s  s e c t i o n  in  
a n  e n e r g y - d e p e n d e n t  m a n n e r .  T h e  c r o s s  s e c t i o n s  o b t a i n e d  w i t h  t h e  D W I A  a r e  h i g h e r  
t h a n  t h e  c r o s s  s e c t i o n s  o b t a i n e d  w i t h  t h e  P W I A  f o r  i n c i d e n t  p h o t o n  e n e r g i e s  u p  t o  
a b o u t  19 5  M e V  f o r  16 O a n d  u p  t o  a b o u t  2 1 5  M e V  f o r  208 Pb, d u e  t o  t h e  a t t r a c t i v e  
p - w a v e  p i o n - n u c l e u s  i n t e r a c t i o n ,  b u t  t h e n  d e c r e a s e  a t  h i g h e r  i n c i d e n t  p h o t o n  e n e r g y  
d u e  t o  a b s o r p t i o n  o f  t h e  p i o n .  T h e  b e h a v i o u r  o f  t h e  d i s p e r s i v e  a n d  t h e  a b s o r p t i v e  
p a r t s  a r e  c a u s e d  p r i m a r i l y  b y  t h e  s a m e  m e c h a n i s m :  A  r e s o n a n c e  f o r m a t i o n  in  t h e  
n u c l e u s  [91]. T h e  m e c h a n i s m  b e h i n d  t h e  a t t r a c t i v e  r e a l  p a r t  o f  t h e  D W I A  o p t i c a l  
p o t e n t i a l  is t h e  s c a t t e r i n g  o f  t h e  p i o n  f r o m  a  s i n g l e  n u c l e o n  a n d  t h i s  is  d r a m a t i c a l l y  
i n c r e a s e d  in  t h e  A  r e s o n a n c e  r e g i o n .  T h e  a b s o r p t i v e  i m a g i n a r y  p a r t  h o w e v e r  is  t h e  
r e s u l t  o f  s e v e r a l  m e c h a n i s m s  s u c h  a s  n u c l e o n  k n o c k - o u t ,  e x c i t a t i o n  o f  n u c l e a r  s t a t e s ,  
a n d  t w o - n u c l e o n  p r o c e s s e s .  A t  v e r y  lo w  E 1 s o m e  o f  t h e  a b s o r p t i v e  c h a n n e l s  a r e  n o t  
y e t  a v a i l a b l e  r e s u l t i n g  in  a  s m a l l  i m a g i n a r y  p a r t  o f  t h e  p o t e n t i a l  w h i c h  a l l o w s  t h e
m alov
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attractive real part to enhance the coherent cross section. As E1 increases, specifically 
in the A resonance region, a larger number of absorptive channels become available 
leading to a large dampening of the cross section. Although the attractive part also 
increases around the A resonance region, this increase is more than compensated by 
the absorptive part, which greatly reduces the probability for the pion to interact 
elastically with the nucleus. At any specific E7, the reduction in the cross section is 
larger for 208Pb than for 16O because it is a bigger nucleus.
The cross sections obtained with the DWIA are higher than the cross sections 
obtained with the DREN at all incident photon energies but the difference is less 
pronounced up to 180 MeV for both nuclei, corresponding to pion energies up to 
about 50 MeV. In this region, the interaction between the pion and the nucleus is 
not very strong and can be accounted for adequately by treating it as a mean field 
in which the motion of the pion can be calculated. For pion energies above this the 
interaction is too strong and this approximation is no longer valid. The A which 
is created must be introduced specifically into the calculation. The reduction in the 
cross section produced by the addition of the medium modification of the A resonance 
properties has a strong ^-dependence and this reduction has its maximum at the 
peak of the A resonance after which the difference between the DWIA and DREN 
calculations decreases again.
The peak in the cross section gives information on the A resonance. The PWIA 
gives the same A resonance shape as that obtained from pion production on nucleons. 
The shape remains the same for all nuclei and the magnitude simply scales propor­
tional to A2. Figure 1.4 shows the total cross sections for the DWIA and DREN 
calculations for coherent pion photoproduction on 12C, 160 , 40Ca and 288Pb. The 
DWIA gives the same peak position as the PWIA but a reduced strength. However, 
the independent pion absorption in the DWIA is stronger with increasing nuclear 
size and this for 208Pb, and to a lesser extent for 40Ca, appears to shift the peak 
position of the total cross section. The DREN does shift the peak position, i.e. there 
is medium modification of the A, but the large pion absorption dominates everything 
for 208Pb (and for 40Ca) resulting in a maximum in the cross section that is no longer 
at the peak of the “shifted” resonance.
The situation for the angular distributions is, in general, more complicated than 
for the total cross section since pion distortion modifies the interference between the 
competing partial waves which alters the angular dependence of the differential cross 
sections, although the overall shape is still determined by the form factor. Figure 
1.5 shows a comparison of the theoretical differential cross sections, again for the 
160 ( 7 , 7r0)16O reaction and the 208Pb(7 , 7r°)208P 6 reaction, for incident photon energies 
of 200 MeV and 350 MeV. The PWIA result is proportional to the Fourier transform
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F i g u r e  1 .4 : Theoretical calculations of a  for 12C ,  160 ,  i0Ca  and 208Pb: ( a )  
D W I A  c a l c u l a t i o n ,  ( b )  D R E N  c a l c u l a t i o n ;  f r o m  [79].
o f  t h e  n u c l e a r  d e n s i t y  w i t h  i t s  c h a r a c t e r i s t i c  d i f f r a c t i o n  p a t t e r n .  T h e  r a p i d  d e c r e a s e  
o f  t h e  c a l c u l a t e d  c o h e r e n t  c r o s s  s e c t i o n  is  c a u s e d  b y  t h e  g r o u n d - s t a t e  f o r m  f a c t o r .
F o r  t h e  D W I A ,  t h e  r e a l  p a r t  o f  t h e  o p t i c a l  p o t e n t i a l  c a u s e s  a  b e n d i n g  ( r e f r a c t i o n )  
o f  t h e  p i o n  p a t h s  a s  t h e y  l e a v e  t h e  n u c l e u s .  T h e r e f o r e ,  e a c h  jF7 , 0n c o m b i n a t i o n  c a n  n o  
l o n g e r  b e  a s s o c i a t e d  w i t h  a  u n i q u e  q ( m o m e n t u m  t r a n s f e r )  r e s u l t i n g  in  t h e  s m e a r i n g  
o u t  o f  t h e  m i n i m a  o f  t h e  c r o s s  s e c t i o n s  f o r  t h i s  m o d e l  c o m p a r e d  w i t h  t h e  P W I A .  T h i s  
a n g u l a r  s m e a r i n g  a l s o  m e a n s  t h a t  t h e  c r o s s  s e c t i o n  is  t r a n s f e r r e d  f r o m  lo w  q ( w h e r e  
t h e  c r o s s  s e c t i o n  is l a r g e )  t o  h i g h  q ( w h e r e  i t  is  s m a l l )  a n d  s o  t h e  r e l a t i v e  h e i g h t s  o f  
t h e  s e c o n d ,  t h i r d ,  e t c .  m a x i m a  in  t h e  c r o s s  s e c t i o n  a r e  b i g g e r  in  t h e  D W I A  t h a n  in  
t h e  P W I A .
T h e  m a x i m a  a n d  m i n i m a  f o r  t h e  D W I A  c a l c u l a t i o n  s h i f t  t o w a r d s  s m a l l e r  p i o n  l a b  
a n g l e s  w i t h  i n c r e a s i n g  i n c i d e n t  p h o t o n  e n e r g y  b e c a u s e  t h e  p i o n - n u c l e u s  p o t e n t i a l  is 
a t t r a c t i v e .  T h i s  a t t r a c t i v e  p o t e n t i a l  m e a n s ,  in  g e n e r a l ,  t h a t  t h e  m o m e n t u m  t r a n s f e r ,  
q , c a l c u l a t e d  f r o m  t h e  r e a c t i o n  k i n e m a t i c s  is  l e s s  t h a n  t h e  “t r u e ” m o m e n t u m  t r a n s f e r ,  
qr, a t  t h e  i n s t a n t  t h e  r e a c t i o n  t a k e s  p l a c e  a n d  s o  t h e  f e a t u r e s  o f  t h e  c r o s s  s e c t i o n  
d e t e r m i n e d  b y  t h e  f o r m  f a c t o r  ( w h i c h  d e p e n d s  o n  qf) a p p e a r  a t  l o w e r  E 1 a n d / o r  
t h a n  t h a t  c a l c u l a t e d  f r o m  t h e  r e a c t i o n  k i n e m a t i c s .  T h i s  g e n e r a l  r e s u l t  is  r e v e r s e d  i f  
pn < p 7 c o s  Q-ff4 , w h e r e  pn, p1 a n d  6n a r e  t h e  p i o n  m o m e n t u m ,  i n c i d e n t  p h o t o n  m o m e n ­
t u m ,  a n d  p i o n  a n g l e  r e s p e c t i v e l y  in  t h e  c e n t r e  o f  m a s s  f r a m e .  T h i s  is  p o s s i b l e  f o r  s m a l l  
0n a t  E.y c lo s e  t o  t h r e s h o l d  w h e r e  pn is  s m a l l .  T h i s  e f f e c t  is  d e m o n s t r a t e d  in  F i g u r e
4 The general case is pn > p7 cos 6n.
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F i g u r e  1 .5 : T heoretical differential cross sections f o r  16O ( a  &  c)  a n d  208Pb  ( b  
&  d )  a t  i n c i d e n t  p h o t o n  e n e r g i e s  o f  2 0 0  M e V  ( a  &  b )  a n d  3 5 0  M e V  (c  &  d )  f r o m  [79]
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F i g u r e  1 .6 : Theoretical differential cross sections near threshold: A t  lo w
i n c i d e n t  p h o t o n  e n e r g i e s  t h e  d i f f r a c t i v e  b e h a v i o u r  d i s a p p e a r s  f o r  160  a n d  is r e d u c e d  
f o r  208Pb. T h e  c a l c u l a t i o n s  o f  [79] a r e  s h o w n  f o r  E y = 1 4 0  M e V .
1.6 ( b )  w h i c h  s h o w s  t h e  c a l c u l a t e d  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  t h e  208P 6(7 , 7r ° ) 208P 6 
r e a c t i o n  c lo s e  t o  t h r e s h o l d ;  t h e  m i n i m u m  o f  t h e  D W I A  c a l c u l a t i o n  is  a t  a  l a r g e r  v a l u e  
o f  0n t h a n  t h a t  o f  t h e  P W I A .
W i t h  d e c r e a s i n g  i n c i d e n t  p h o t o n  e n e r g i e s ,  t h e  d i f f r a c t i v e  b e h a v i o u r  d i s a p p e a r s  b e ­
c a u s e  t h e  r a n g e  o f  t h e  r e c o i l  m o m e n t u m  o f  t h e  n u c l e u s  g e t s  s m a l l e r  a n d  d o e s  n o t  
a l l o w  a p p r e c i a b l e  v a r i a t i o n s  o f  t h e  n u c l e a r  f o r m  f a c t o r  t o  b e  e x p l o r e d .  T h e  a n g u ­
l a r  d i s t r i b u t i o n  is  t h e r e f o r e  d o m i n a t e d  b y  t h e  s i n 2 6n b e h a v i o u r  d u e  t o  t h e  t r a n s i t i o n  
o p e r a t o r ,  w i t h  t h e  m a x i m u m  s h i f t e d  f o r w a r d s  b y  t h e  f o r m  f a c t o r .  T h i s  e f f e c t  is  d e m o n ­
s t r a t e d  in  F i g u r e  1.6 ( a )  w h i c h  s h o w s  t h e  c a l c u l a t e d  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  t h e  
160 ( 7 ,  7t ° ) 160  r e a c t i o n  c l o s e  t o  t h r e s h o l d .
T h e  c r o s s  s e c t i o n s  a t  a l l  i n c i d e n t  p h o t o n  e n e r g i e s  f o r  208 Pb  a r e  l a r g e r  a n d  s h o w  
m o r e ,  w e l l  d e f i n e d  d i f f r a c t i o n  m i n i m a  t h a n  t h o s e  f o r  160 .  T h i s  is  a  c o n s e q u e n c e  o f  t h e  
l a r g e r  n u c l e a r  s i z e  o f 208Pb, s i n c e  b o t h  t h e  m a x i m a  a n d  t h e  m i n i m a  o f  t h e  n u c l e a r  f o r m  
f a c t o r  o c c u r  a t  a  m o m e n t u m  t r a n s f e r  w h i c h  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  n u c l e a r  
r a d i u s ,  i .e .  s c a l e s  w i t h  A~  s ( s e e  F i g u r e  1 .2 ) .
T h e  e f f e c t  o f  t h e  A - n u c l e u s  i n t e r a c t i o n  o n  t h e  a n g u l a r  d i s t r i b u t i o n  is  m i n o r .  A t  
lo w  i n c i d e n t  p h o t o n  e n e r g i e s  t h e  i n t e r a c t i o n  b e t w e e n  t h e  p i o n  a n d  t h e  n u c l e u s  is  n o t  
v e r y  s t r o n g  r e s u l t i n g  in  n o  d i f f e r e n c e  b e t w e e n  t h e  D W I A  a n d  D R E N  c a l c u l a t i o n s  f o r  
208Pb c l o s e  t o  t h r e s h o l d .
T h e  m o s t  r e c e n t  m e a s u r e m e n t s  m a d e  o n  c o h e r e n t  n e u t r a l  p i o n  p h o t o p r o d u c t i o n  
i n d i c a t e d  t h a t  t h e  D R E N  m o d e l  p r o v i d e s  t h e  b e s t  d e s c r i p t i o n  o f  t h i s  p r o c e s s  [69].
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Comparison with the present data which cover a wider pion angular range than that 
obtained by Krusche et al. [69] and extend the range of incident photon energies down 
to threshold will provide a further test of this model.
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Chapter 2 
Experimental Details
2.1 Introduction
Since the lifetime of a 7r° meson is short (10-16 seconds) it is detected by the obser­
vation of the two photons produced in 98.8% of decays [77]. The measured energies 
and directions of the two photons are then used to calculate the energy and direction 
of the 7r° that produced them. The accuracy with which the 7r° energy and direction 
are known depends upon the accuracy with which the photon detector determines the 
photon momenta.
The work described in this thesis was performed at the electron microtron MAMI 
(MAinz Microtron) of the Institiit fur Kernphysik, University of Mainz, Germany. 
The Glasgow photon tagging spectrometer was used together with the high resolution 
photon spectrometer TAPS as shown in Figure 2.1. The setting up and operation of 
the experiment was performed by members of the TAPS/A2 collaboration that in­
cluded members of the Nuclear Physics groups of the Universities of Glasgow, Giessen, 
Mainz, Saskatchewan, Edinburgh, and the Massachussets Institute for Technology.
The MAMI accelerator was set to produce a 405 MeV 100 % duty cycle electron 
beam that was steered to a thin nickel radiator producing bremsstrahlung photons. 
The Glasgow photon tagging system, consisted of a dipole magnet and a 352 channel 
focal plane detector for the detection of the residual electrons. The photon beam was 
collimated on exit from the radiator and induced photonuclear reactions in a target 
placed downstream from the collimator. Decay photons from 7r°-photoproduction 
were detected in the large segmented barium fluoride detector array, TAPS, arranged 
in blocks in the horizontal plane around the target position. A large sodium iodide 
detector was positioned above and a second one below the target to attempt to identify 
characteristic decay photons from incoherent processes.
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2.2 The Mainz Microtron - MAMI
The Mainz Microtron MAMI is a cascade of three normal conducting microtrons 
(RTM1, RTM2, and RTM3) with a 3.5 MeV injector linear accelerator (linac) and is 
shown in Figure 2.1. The first two stages were successfully operated as MAMI-A until 
1987, providing electron beams in the range 14-187 MeV. The third stage became 
operational in 1990 and increases the electron beam from 180 MeV to 855 MeV in 
15 MeV steps. The three stages are named MAMI-B and offer a 100 % duty cycle, 
low emittance and high stability continuous electron beam, with a resolution of 60 keV 
at currents up to about 100 fiA [97].
A racetrack microtron consists of a linac situated between two uniform field bend­
ing magnets which recirculate the electrons through the accelerating section. In the 
linac, the electrons are accelerated by the axial electric component of a standing wave 
in a series of standing wave cavities for which a set of phase locked klystrons generate 
the radio frequency (RF) power. In each turn, the electrons pass through the same 
accelerating section situated between the magnets. There are a total of 14 turns in the 
first stage, RTM1, after which the electrons are accelerated to 14 MeV. The electrons 
then enter stage two, RTM2, where they are accelerated through 51 turns to reach an 
energy of 180 MeV. In the third and final stage, RTM3, the electrons are accelerated 
through 90 turns to reach an energy of 855 MeV. At the last chosen turn an extractor 
magnet deflects the beam into the beam handling system which subsequently guides 
it to the bremsstrahlung radiator.
For each microtron, the radius of the orbit of the electron in the magnetic field 
of the dipoles increases as its energy increases with each recirculation. Thus each 
return path is spatially separated. Higher energy electrons have a larger orbit to 
circulate than those of lower energy. The difference in the path lengths is arranged to 
be an integer number of RF wavelengths to ensure all the electrons are sent into the 
accelerator in phase.
Racetrack microtrons have an important feature - inherent phase correction. If 
an electron becomes displaced from the resonant energy an automatic re-adjustment 
takes place. Electrons of energies that are too high travel in an orbit of greater radius 
and so take slightly longer to arrive back at the accelerating field. As a result, they 
are slightly out of phase with respect to the accelerating field and hence are not 
accelerated by as much as the electrons of the correct energy. Similarly electrons 
of energies that are too low are over-accelerated on subsequent passes through the 
accelerating section. This feed-back mechanism, together with the energy loss due 
to synchrotron radiation suffered by all electrons, is responsible for compressing the 
energy spread of the MAMI-B final beam to AE  ~  60keV FWHM. It also results in 
a very low emittance beam (i.e. spot size and divergence).
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F i g u r e  2 .1 :  The M ainz experim ental facility: ( a )  T h e  M a i n z  M i c r o t r o n  M A M I -  
B  s e r v e s  a  n u m b e r  o f  e x p e r i m e n t a l  h a l l s ,  ( b )  T h e  w o r k  d e s c r i b e d  h e r e  w a s  c a r r i e d  
o u t  in  H a l l  A 2  t h a t  h o u s e s  t h e  G l a s g o w  p h o t o n  t a g g i n g  s p e c t r o m e t e r .  [ F i g u r e  2 . 1 ( b )  
c o u r t e s y  o f  [72]]
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After its extraction from RTM3, the beam is transported through various dipole 
steering and quadrupole focusing elements to the A2 hall tagged photon facility.
2.3 The Glasgow Tagging Spectrometer
The quality of experimental photonuclear results has improved over the last 15 years 
due in large part to the application of the tagging technique in order to obtain 
“monochromatic” photons. The use of this coincidence technique has become possible 
due to the advent of high duty-factor, continuous electron beams. Full advantage of 
this technique could not be taken with the previously available < 0.1 % duty factor 
pulsed electron beams as they produced a 1000 x poorer real to random coincidence 
ratio than is now obtained.
The monochromatic electron beam from MAMI-B is focused on to and passes 
through a thin nickel radiator. The electrons radiate by the bremsstrahlung process 
producing a continuous photon energy spectrum up to a maximum energy equal to the 
kinetic energy of the incident electrons. The resulting photon beam passes through 
a collimator into the experimental hall (A2 in Figure 2 .1) where it is incident on a 
target inducing photonuclear reactions. Electrons with a known incoming energy of 
Eq can be scattered with a range of energies Ee following the bremsstrahlung process. 
So the energy of the photon that passes into the hall, E7, can be determined, if the 
energy of the scattered electron, Ee, is measured since
Ery =  E q  — Ee (2.1)
At Mainz, the tagging is performed by the detection of the post-bremsstrahlung 
electron in the detector ladder of a wide band magnetic spectrometer built by Glasgow 
University [32,33]. The tagger consists of a large magnet used to focus the scattered 
electrons onto a focal plane detector, Figure 2.2, at a position which depends on their 
energy. Hence the energy of the photon can be deduced. The photon can be identified 
by demanding that there is a time coincidence between a tagger detector in the focal 
plane and the photoreaction-product detectors near the target position.
The photon tagger focal plane detector consists of 353 overlapping scintillators. 
Each element comprises a scintillator/lightguide assembly attached to a photomulti­
plier tube. The 2 mm thick NE 111 plastic scintillators form an array with a half-width 
overlap between adjacent detectors. The overlap is used as “real” scattered electrons 
interact with adjacent detectors and the required coincidence reduces background. At 
the full MAMI-B electron energy of 855 MeV, the tagger has an energy resolution 
of about 2 MeV per channel and a coincidence resolving time of about 1 ns. For 
the experiment described here, MAMI-B was used with a reduced energy electron
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F i g u r e  2 .2 : The Glasgow Tagger: T a g g i n g  is  p e r f o r m e d  b y  t h e  d e t e c t i o n  o f  t h e  p o s t -  
b r e m s s t r a h l u n g  e l e c t r o n  in  t h e  d e t e c t o r  l a d d e r  o f  a  w id e  b a n d  m a g n e t i c  s p e c t r o m e t e r .
b e a m  o f  4 0 5  M e V . T h i s  g iv e s  a  p h o t o n  e n e r g y  r e s o l u t i o n  f r o m  t h e  t a g g e r  o f  1 M e V , a  
h ig h e r  u p p e r  l i m i t  t o  t h e  p h o t o n  r a t e  p e r  M e V , a n d  r e m o v e s  t h e  u n w a n te d  e v e n t s  in  
t h e  d e t e c t o r s  t h a t  w o u ld  b e  p r o d u c e d  b y  h ig h e r  e n e r g y  p h o t o n s  in  t h e  t a g g e d  b e a m .  
T h i s  s e t t i n g  p r o d u c e d  t a g g e d  p h o t o n s  in  t h e  e n e r g y  r a n g e  9 0  t o  3 7 5  M e V  a s  s h o w n  
in  F ig u r e  2 .3 .
T h e  p h o t o n  f lu x  p r o d u c e d  b y  t h e  b r e m s s t r a h l u n g  p r o c e s s  v a r ie s  a p p r o x i m a t e l y  a s  
E ~ l f o r  m o s t  o f  t h e  e n e r g y  s p e c t r u m .  T h e r e f o r e  t h e  r a t e  o f  p h o t o n s  a t  lo w  e n e r g ie s  
is  m u c h  h ig h e r  t h a n  t h e  r a t e  a t  h ig h  e n e r g ie s  a s  is  c l e a r ly  d e m o n s t r a t e d  in  F ig u r e  
2 .3 . T h e  m a x im u m  r a t e  t h a t  a  s in g le  d e t e c t o r  in  t h e  t a g g e r  c a n  t a k e  is  2 M H z , s e t  t o  
p r e s e r v e  t h e  p h o t o t u b e  l i f e t im e .  A ls o ,  t h e  r e a l  t o  r a n d o m  r a t i o  is  p o o r  a t  h ig h  r a t e s .  
T h e r e f o r e  t h e  lo w e s t  p h o t o n  e n e r g y  c h a n n e l s  in  t h e  f o c a l  p l a n e  w e re  t u r n e d  o f f  a s  t h e y  
w o u ld  n o t  g iv e  u s e fu l  i n f o r m a t i o n  a n d  w o u ld  l im i t  t h e  p e r f o r m a n c e  o f  t h e  c h a n n e l s  
t h a t  d o  g iv e  u s e fu l  i n f o r m a t i o n .  T h e  lo w e s t  u s e d  E 1 w a s  c h o s e n  t o  b e  3 0  M e V  b e lo w  
t h e  p io n  p h o t o p r o d u c t i o n  t h r e s h o l d .  T h i s  g a v e  a  3 0  M e V  r e g io n  w h ic h  c o u ld  b e  u s e d  
t o  c h e c k  s o m e  o f  t h e  b a c k g r o u n d  c o n t r i b u t i o n s  t o  t h e  p io n  y ie ld  in  t h e  e x p e r im e n t .
2.3.1 P h oton  B eam  C ollim ation  and Tagging Efficiency
T h e  p h o t o n  b e a m  o n  e x i t  f r o m  t h e  s p e c t r o m e t e r  w a s  c o l l i m a t e d  b y  a l i g n e d  l e a d  c y l in ­
d e r s  w i th  a n  a x i a l  h o le  o f  5 m m  d i a m e t e r ,  p o s i t i o n e d  2 .5  m  d o w n s t r e a m  o f  t h e  r a d i a t o r .  
T h i s  p r o d u c e s  a  n a r r o w  b e a m  o f  p h o t o n s  o f  d i a m e t e r  1 .5  c m  a t  t h e  t a r g e t  b u t  c l e a r ly  
n o t  a l l  t h e  p h o to n s  p a s s  t h r o u g h  t h e  c o l l i m a t o r .  A  ’t a g g i n g  e f f ic i e n c y ’ m e a s u r e m e n t
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F ig u r e  2 .3 : Tagged photon energy d istribu tion : T h e  b la c k  p l o t  is  f o r  t h e  208Pb 
d a t a  a n d  t h e  r e d  is  fo r  160 .  D a t a  w a s  t a k e n  f o r  20SPb  f o r  a l m o s t  t h r e e  t i m e s  a s  
m a n y  h o u r s  a s  f o r  ie O , h e n c e  t h e  d i f f e r e n c e  in  c o u n t s .  H o w e v e r  b o t h  d e m o n s t r a t e  
t h e  s a m e  s h a p e ,  t h e  a p p r o x i m a t e  E ~ l s h a p e  o b t a i n e d  f o r  p h o t o n s  p r o d u c e d  f r o m  t h e  
b r e m s s t r a h l u n g  p r o c e s s .  T h e  d ip s  c o r r e s p o n d  t o  t a g g e r  c h a n n e l s  t h a t  w e r e  “d e a d ” o r  
“d i e d ” s o m e t im e  d u r i n g  t h e  r u n .  T h e r e  a r e  c h a n n e l  t o  c h a n n e l  v a r i a t i o n s  o f  a  fe w  p e r  
c e n t  d u e  t o  m e c h a n ic a l  v a r i a t i o n s  in  t h e  o v e r la p  w i d t h  o f  t h e  t a g g e r  s c i n t i l l a t o r s .
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is performed to measure how many photons do pass through. This compares the mea­
sured photon flux with the electron rate in the tagger. For this purpose a lead-glass 
detector is moved into the path of the photon beam to detect the photons that are 
not stopped by the collimator. The photon beam is reduced by a factor of 5 x 104 
since the lead-glass detector can not operate at the photon flux used for data-taking. 
The lead-glass detects photons by measuring the Cerenkov radiation produced. It is 
~  100 % efficient as it has a thickness equivalent to 30 radiation lengths. The tagging 
efficiency is defined as
N~ , x
ttagg — “y~ (2-2)
where JV7 is the number of tagged photons that pass through the collimator and Ne 
is the number of electrons detected in the focal plane. It is measured in practice as
/  . \  _  Ncoin{i)
€tas9(*) "  Ne(i) ( )
where Ncoin(i) is the number of coincidences between the lead-glass photon detector 
and the 2th focal plane channel, and Ne(i) is the number of electrons detected in that 
channel.
An ion chamber in the beam line is used to obtain an on-line indication of the 
tagging efficiency. The ratio of the current detected in the ion chamber to the rate 
of electrons counted in the tagger focal plane detector is proportional to the tagging 
efficiency. This was continuously monitored as it indicates any changes in the electron 
beam position or direction that would affect the tagging efficiency. Complete tagging 
efficiency measurements were made at least once a day throughout the beam time. 
More details on these measurements are given in section 4.2.
2.4 The Two Arm Photon Spectrometer (TAPS)
The TAPS spectrometer [98] was designed to detect high energy photons (E,y < 1 
GeV) which enables the reconstruction of neutral mesons such as 7r°- and 77-mesons 
because these decay predominantly into two or more photons. The reconstruction of 
the meson energy and mass require the simultaneous measurement of the point of 
impact and the energy of both photons, hence a modular setup is used.
A 7T° in the centre of mass frame decaying into two gamma-rays emits them in 
opposite directions but when this is seen from the lab system in which it has a total 
energy E then the opening angle between the two gamma-rays varies between 
(see Appendix A.2) and 180°. The opening angle distribution is strongly peaked at 
1ipmin, the value of which decreases with increasing pion energy; both these effects
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F ig u r e  2 .4 : Effect of pion energy on opening angle betw een its two decay 
photons.
r
" a b le  2. : Sum m ary of the  TAPS setup.
Block A B C F W D E F
r  ( c m ) 5 5 .5 5 5 .2 5 5 .6 6 8 .8 5 5 .6 5 5 .1 5 5 .4
& n 1 5 2 .4 1 0 3 .0 5 4 .0 0 .2 -5 4 .1 - 1 0 3 .8 - 1 5 2 .6
a r e  c l e a r ly  i l l u s t r a t e d  in  F i g u r e  2 .4  w h ic h  s h o w s  t h e  d i s t r i b u t i o n  o f  o p e n i n g  a n g le s  
o b s e r v e d  in  t h e  p r e s e n t  e x p e r i m e n t  a n d  i t s  d e p e n d e n c e  o n  t h e  p io n  e n e r g y .  F u r t h e r  
d e t a i l s  o n  p io n  k i n e m a t i c s  a r e  g iv e n  in  A p p e n d ix  A .
T h e  T A P S  d e t e c t o r  c a m e  i n t o  o p e r a t i o n  in  1 9 9 0 . I n i t i a l l y  c a l l e d  t h e  tw o  a r m  
p h o t o n  s p e c t r o m e t e r  ( a n d  h e n c e  t h e  a c r o n y m  T A P S )  a s  i t  c o m p r i s e d  3 2 0  in d i v i d u a l  
BaF2 s c i n t i l l a t i o n  d e t e c t o r s  a r r a n g e d  o n  tw o  a r m s  [99], i t  h a s  s in c e  in c r e a s e d  in  s iz e  
s u c h  t h a t  a t  t h e  t i m e  o f  t h e  p r e s e n t  e x p e r im e n t ,  T A P S  c o n s i s t e d  o f  5 2 2  i d e n t i c a l  
m o d u le s .  T h e s e  w e r e  a s s e m b l e d  in t o  6 b lo c k s  ( l a b e l l e d  A - F )  o f  6 4  e l e m e n t s  ( F ig u r e  
2 .5 )  a n d  a  l a r g e r  f o r w a r d  w a ll  c o n s i s t i n g  o f  1 3 8  e l e m e n ts ,  p o s i t i o n e d  in  a i r  a r o u n d  
t h e  t a r g e t .  T h e  s e t u p  is  s h o w n  in  F ig u r e  2 .6  a n d  s u m m a r i s e d  in  T a b l e  2 .1 , w h e r e  r  
is  t h e  d i s t a n c e  f r o m  t h e  g e o m e t r i c  c e n t r e  o f  t h e  f r o n t  f a c e  o f  t h e  b lo c k  t o  t h e  c e n t r e  
o f  t h e  t a r g e t  a n d  9 is  t h e  a n g le  f r o m  t h e  b e a m  d i r e c t i o n .  T h e  e m p lo y m e n t  o f  a  
la y o u t  in  w h ic h  t h e  d e t e c t o r s  a r e  p la c e d  f a i r ly  u n i f o r m ly  a r o u n d  a  h o r i z o n t a l  c i r c le  
c e n t r e d  o n  t h e  t a r g e t  p r o d u c e s :  ( a )  a  r e a s o n a b ly  s m o o t h  v a r i a t i o n  o f  t h e  d e t e c t i o n  
e f f ic ie n c y  w i t h  p io n  e n e r g y  d e s p i t e  t h e  r a p i d  v a r i a t i o n  o f  t h e  o p e n i n g  a n g le  d i s t r i b u t i o n  
o f  t h e  p h o t o n s ;  ( b )  a  r i s e  in  d e t e c t i o n  e f f ic ie n c y  a t  f o r w a r d  a n d  b a c k w a r d  a n g l e s  w h ic h  
p a r t i a l l y  c o m p e n s a t e s  f o r  t h e  d r o p  in  s o l id  a n g le  a t  t h e s e  a n g le s .
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array of 32 PMT’s
64 TAPS ~ BaF2 -  modules
array of 32 PMT’a
NE102A scihtillator perspex lightguide
Figure 2.5: A TAPS Block: A standard TAPS block consists of 64 BaF2 detector 
modules and 64 plastic (NE 102A) veto detectors.
Each detector module consists of two elements, Figure 2.7. The first is a BaF2 scin­
tillation crystal of length 250 mm (corresponding to more than 12 radiation lengths) 
and an hexagonal section with inner radius of 29.5 mm (corresponding to 87% of the 
Moliere radius1). The crystals are wrapped with PTFE to act as a UV-reflector and 
an additional layer of aluminium foil to exclude light and are coupled optically to the 
quartz window of a photomultiplier tube with high viscosity grease [101]. The last 
25 mm length of the crystal has a cylindrical section to fit the quartz-window of the 
photomultiplier and allows for magnetic shielding. The second element of the module 
is a 5 mm thick plastic scintillator (NE 102A) veto detector of identical granular­
ity mounted in front of the BaF2 crystal for on-line charged particle discrimination. 
These veto detectors are read-out individually by lightguides and photomultipliers.
The discovery of the fast component in the scintillation light of BaF2 in the 
early 1980’s [102] prompted several studies into its use as a detector for gamma 
rays [103-105]. Time resolution is excellent, approaching 80 ps full width half max­
imum (FWHM) for small crystals [102] and 400 ps FWHM for large crystals [106]. 
The scintillator has a relatively high density (4.89 g/cm3) which combined with the 
high atomic number of barium (56) give BaF2 good detection efficiency for gamma 
rays (radiation length X q =  2.05 cm). The scintillation light output of BaF2 has two 
wavelength components: the first component is at 220 nm (decay time 600 ps) and the 
second is at 315 nm (decay time 620 ns) [105]. The presence of two components in the 
scintillation light output enables charged particles to be distinguished from gamma 
rays via pulse shape analysis (see section 4.4.1). For these reasons BaF2 was selected 
as the scintillation material for TAPS [99].
1A characteristic constant of a material describing its electromagnetic interaction properties.
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Beam
Target
Beam-pipe
2 5  c m
(a) Standard TAPS setup viewed from above.
BEAM
T arget
Forward Wall
(b) Setup viewed from the side.
F i g u r e  2 .6 : Standard  TAPS setup: ( a )  T h e  s t a n d a r d  T A P S  s e t u p  o f  6 b lo c k s  o f  
6 4  B aF 2 e l e m e n t s  ( l a b e l l e d  A - F )  w i t h  a  l a r g e r  f o r w a r d  w a ll  ( F W )  v ie w e d  f r o m  a b o v e .  
T h e  f o r w a r d  w a ll  h a s  a  h o le  in  t h e  m id d l e  t o  a l lo w  t h e  p a s s a g e  o f  t h e  b e a m .  T h i s  
p i c t u r e  w a s  p r o d u c e d  u s in g  t h e  v i s u a l i s a t i o n  c a p a b i l i t i e s  o f  G E A N T 3  [100]: G r e e n  
r e p r e s e n t s  t h e  BaF2 d e t e c t o r s  a n d  m a g e n t a  r e p r e s e n t s  t h e  p l a s t i c  s c i n t i l l a t i o n  v e to  
d e t e c t o r s ,  (b )  S id e - o n  v ie w . I n  a d d i t i o n  t o  t h e  s t a n d a r d  T A P S  s e t u p ,  tw o  la r g e  N a l  
d e t e c t o r s  w e re  p o s i t i o n e d  o n e  a b o v e  a n d  o n e  b e lo w  t h e  t a r g e t ,  T A P S  is  a b s e n t  in  t h i s  
p i c t u r e  w i t h  t h e  e x c e p t io n  o f  t h e  F W .
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250 225,
BaE
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NE102A
Figure 2.7: A TAPS D etec to r M odule: TAPS consists of 522 identical modules 
made up of two elements - a 250 mm long BaF2 scintillation crystal and a 5 mm thick 
NE102A plastic scintillator.
The response of TAPS to monochromatic photons with energies between 45 and 
790 MeV was investigated by Gabler et al. [70,71] and the rms energy resolution (a) 
for central impact of a collimated photon beam was found to be
= 0.59% x E P  + 1.9% (2.4)
where the photon energy, E7, is given in GeV. The spatial resolution of the point of 
impact was found to be A x = 2 cm (FWHM) at the highest energies corresponding 
to 30 % of the diameter of an individual module. The position resolution depends 
strongly on the number of detectors that respond and at lower energies (< 300 MeV) 
it is determined largely by the granularity of the detector system [107].
2.5 Sodium Iodide Detectors
Neutral pion photoproduction can take place either coherently or incoherently. As 
discussed in section 1.1, the coherent process is the primary interest of the present 
investigation and therefore the coherent events need to be separated from the incoher­
ent events. In the incoherent process the residual nucleus is left in an excited state. 
The excited nucleus decays back to its ground state and from some excited states this 
is via gamma ray emission. Two large, cylindrical, sodium iodide (Nal) crystals were 
used in addition to the TAPS setup in an attempt to detect these additional decay 
gamma rays and thus identify incoherent events.
The Nal detectors were positioned one above and one below the target at a distance 
of about 11.7 cm as shown in Figure 2.6(b). The choice of position is discussed in
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Table 2.2: P roperties of t le  N a l detectors.
M anufacturer Bicron Harshaw
M odel No. 9.37414/73 5-2117
L ength (cm) 33.97 35.00
D iam eter (cm) 24.76 25.50
D istance from  Target (cm) 11.88 11.48
Solid Angle (steradians) 1.94 2.07
D ynam ic R ange (MeV) 0 - 23.19 0 - 23.51
section 3.5. The properties of the crystals are summarised in Table 2.2. One crystal 
was manufactured by Bicron and the other by Harshaw. Each was housed in an 
aluminium casing and optically coupled to seven photomultiplier tubes.
2.6 Targets
As a closed shell nucleus, 160  is an interesting target to study coherent pion photo- 
production on (see section 1.1) and many theorists have performed calculations for 
it [22,23,25,73-75]. However there has been only one previous experimental mea­
surement, performed by Bellinghausen et al. in 1982 [59]. Oxygen is readily available 
in the form of water (isotope composition is 160 , 170 , and 180  with abundances of 
99.757%, 0.038%, and 0.205 % respectively [108]) but the contribution to the yield 
from pions produced from the hydrogen must be removed. Bellinghausen et al. sim­
ulated the coherent pion production from hydrogen and subtracted this from their 
data. For a given incident photon energy and pion lab angle the energy of a pion 
produced from hydrogen is smaller than the energy of a pion produced coherently 
from oxygen since the lighter recoil nucleus takes a larger proportion of the energy. 
Calculations were performed to evaluate the difference (AEn) in the energies of the 
pions produced coherently from these two nuclei for a few incident photon energies 
and a sample of the results are given in Table 2.3. The value of AEw increases with 
increasing incident photon energy but the pion energy resolution decreases. However 
at any given E^, the energy resolution is less than half the value of AEv (see sec­
tion 3.4.1) and thus the kinematics of the reactions on the two nuclei can be used to 
separate the oxygen-produced pions.
A simple water target which is shown in Figure 2.8 was constructed from perspex 
with a thin (0.06 mm) Melinex window through which the beam was incident on 
the water. Data were also taken on an empty target to allow correction for any 7r° 
production processes taking place on the support structure.
Lead-208 is also a closed-shell nucleus. It is additionally interesting as it contains 
a complete extra shell of neutrons and may give additional information on how the
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T a b le  2 .3 : Com parison of the  energy of a pion produced from hydrogen w ith 
th a t produced coherently from oxygen.___________________________
Ery
[MeV]
On
[°]
En ( 1H ( 7 , 7 t ° ) 1H )  
[MeV]
En ( 16O ( 7 ,7t0 ) 16O )  
[MeV]
A  En 
[MeV]
1 7 5 .0 1 5 .0 1 5 7 .7 2 1 7 4 .8 3 1 7 .1 1
1 7 5 .0 1 6 5 .0 1 5 7 .5 5 1 7 2 .5 5 1 5 .0 0
1 9 5 .0 6 0 .0 1 7 2 .1 1 1 9 4 .0 5 2 1 .9 5
2 1 0 .0 6 0 .0 1 8 2 .6 7 2 0 8 .8 7 2 6 .2 0
Perspex
Melinex
window
Front View
24 mm 
Side View
[Not to scale]
F i g u r e  2 .8 : W ater Target.
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Table 2.4: Target D ata.
Target T hickness
(mm)
A tom ic M ass
( ^ )
Surface D en sity
(gcm~2)
B eam  tim e
(hrs)
160 24.00 ±  0.01 15.9994 2.695 69
2 0 S p b 0.52 ±  0.01 207.977 0.8369 169
distribution of the neutrons compares with that of the protons. However, natural 
lead is only 52.4 % 20SPb (isotope composition is 204Pb, 206Pb, 207Pb, and 208Pb 
with abundances of 1.4 %, 24.1 %, 22.1 % and 52.4 % respectively) [108]. Lead is 
a large, high atomic number atom and therefore the incidence of atomic processes 
that contribute to the background of any pion photoproduction experiment is greater 
than for lighter nuclei. A pure 208Pb target was purchased from ISOFLEX Isotopes, 
Moscow. A summary of the targets is given in Table 2.4. Both targets were placed in 
an evacuated beam-pipe, made of 5 mm thick clear plastic, at the geometrical centre 
of TAPS to an accuracy of 2 mm.
The water target thickness corresponded to approximately ^  of a radiation length 
so that neither the angular resolution of TAPS nor the quality of the tagged beam 
are degraded. The lead target was less than ^  of a radiation length. Positioning it 
at 45° to the beam increased the effective thickness by y/2.
2.7 Electronics
2.7.1 Tagger Read-out
The tagger read-out hardware comprises three linked bus systems; VME-bus, CA- 
MAC, and FASTBUS. Each of the 352 channels has its own scaler and TDC in high 
density FASTBUS crates. An ECL logic pulse is produced by an electron hit in the 
focal plane which is sent to be recorded in TDCs and pattern units and also to a 
free running scaler. A photoreaction product is signalled by a coincidence between an 
electron in the tagging spectrometer and a trigger from TAPS. This is tested for by a 
logic pulse derived from an OR output of all 352 tagger channels. If this coincidence 
condition is satisfied, the TDC is read - the time is needed to determine whether or 
not a real coincidence has occurred between TAPS and the electron or if it was a 
random coincidence.
The tagger electronics are controlled by a VME processor which is itself controlled 
by the VME processor in the data acquisition system of TAPS.
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re a d -o u t
trigger
re a d -o u t
da ta
LED
TDC
CFD
Pulser
BaFj
LED
Trigger
Split
RDV QDCdelay
VETO
delay
delay
F ig u r e  2 .9 : TAPS read-out.
2.7.2 T A PS R ead-out
A  s im p l i f ie d  d i a g r a m  o f  t h e  T A P S  r e a d - o u t  is  g iv e n  in  F i g u r e  2 .9 . P h o t o n s  p r o d u c e  
s c i n t i l l a t i o n  l ig h t  in  t h e  BaF2 d e t e c t o r s  w h ic h  is  t r a n s f o r m e d  in t o  a n  e l e c t r i c a l  p u ls e  
b y  t h e  p h o t o m u l t i p l i e r  t u b e .  T h e  s iz e  o f  t h e  p u l s e  is  p r o p o r t i o n a l  t o  t h e  a m o u n t  
o f  e n e r g y  d e p o s i t e d  in  t h e  d e t e c t o r .  T h e  s ig n a l s  f r o m  e a c h  T A P S  d e t e c t o r  e l e m e n t  
a r e  p a s s e d  t h r o u g h  a  s i g n a l - s p l i t t e r  ( S p l i t )  p r o d u c i n g  t h r e e  o u t p u t s .  O n e  o u t p u t  g o e s  
d i r e c t  v i a  a  5 0 0  n s  d e l a y  t o  tw o  c h a r g e  t o  d i g i t a l  c o n v e r t e r s  ( Q D C ) .  T h e  s e c o n d  o u t p u t  
is  fe d  i n to  a  c o n s t a n t  f r a c t i o n  d i s c r i m i n a t o r  ( C F D )  a n d  u s e d  t o  g e t  a c c u r a t e  t i m i n g  
in f o r m a t i o n  a b o u t  w h e n  t h e  BaF2 e l e m e n t  h a d  b e e n  t r i g g e r e d .  T h e  th r e s h o l d  f o r  
t h e  C F D  w a s  s e t  t o  b e  b e tw e e n  0 .5  a n d  1 .0  M e V . T h e  C F D  o u t p u t  w a s  fe d  i n t o  a  
v a r i a b l e  d e l a y  u n i t  f r o m  w h ic h  t h e r e  w e r e  tw o  o u t p u t s .  O n e  w a s  f e d  i n t o  t h e  t i m e  t o  
d i g i t a l  c o n v e r t e r  ( T D C )  t o  g e t  t i m i n g  i n f o r m a t i o n  f r o m  t h e  d e t e c t o r  a n d  t h e  o t h e r  
w a s  fe d  i n t o  a n  R D V  ( R e t a r d  D u r e e  V a r ia b le )  m o d u le .  T h i s  p r o v id e d  g a t e s  f o r  t h e  
tw o  Q D C ’s, o n e  s h o r t  (5 0  n s )  a n d  o n e  lo n g  (2  / i s )  t o  e n a b le  u s e  t o  b e  m a d e  o f  t h e  tw o  
d e c a y  c o m p o n e n t s  o f  BaF2 s c i n t i l l a t i o n .  A  v a r i a b l e  d e l a y  b o x  w a s  u s e d  so  t h a t  i t  c o u ld  
b e  s e t  t o  e n s u r e  t h a t  t h e  Q D C  s ig n a l  r e a d - o u t  w a s  a l ig n e d  w i t h  t h e  R D V  g e n e r a t e d  
g a t e s  a n d  t h e  T D C .  T h e  t h i r d  o u t p u t  w a s  f e d  i n t o  a  l e a d in g  e d g e  d i s c r i m i n a t o r  ( L E D )  
w h ic h  w a s  u s e d  fo r  t h e  t r i g g e r .  T h e  L E D  t h r e s h o l d  w a s  s e t  t o  10  M e V .
T h e  o u t p u t  f r o m  a  v e to  is  fe d  i n t o  a n  L E D . T h e  v e to e s  w e re  c a l i b r a t e d  b y  c o l le a g u e s  
a t  t h e  U n iv e r s i t y  o f  G ie s s e n  a n d  t h e  v e to  t h r e s h o l d  w a s  s e t  t o  b e  b e tw e e n  t h e  “n o is e ” 
a n d  t h e  “m i n i m u m  io n is in g  p e a k ” o f  t h e  e n e r g y  d e p o s i t i o n  s p e c t r u m  [109]. T h e  v e to  
is  s a id  t o  h a v e  “f i r e d ” i f  t h e  r e s u l t i n g  lo g ic a l  o u t p u t  s ig n a l  is  a b o v e  t h i s  t h r e s h o l d  a n d  
th i s  w a s  r e c o r d e d  b y  f e e d in g  t h e  L E D  o u t p u t s  t o  a  p a t t e r n  u n i t .
F o r  t h e  d a t a  t a k i n g  t h e r e  w e re  t h r e e  t r i g g e r s  f o r  t h e  r e a d - o u t :
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1. LED multiplicity of two, that is events were only accepted and recorded if there 
were LED signals from at least two separate TAPS blocks,
2. LED multiplicity one: done for diagnostic purposes and this trigger was scaled 
down by a factor of 100,
3. a pulser to provide a continuous‘monitor of the QDC pedestal.
A single trigger of LED multiplicity one was used for the cosmic ray calibration runs 
(see sections 3.2 and 4.3.1).
The TAPS electronics are controlled by a VME processor. The data acquisition 
was run on E6/7 CPUs. There were “slave” processors: one readout TAPS blocks A-D, 
and F, another controlled writing the data to tape (20 GB DLT tapes), while a third 
distributed the data to an on-line analysis. These were controlled by the “master” 
processor that also readout TAPS block E and the Forward Wall.
2.7.3 N al Read-out
Each sodium iodide crystal was optically coupled to seven photomultiplier tubes. The 
signals from each tube were summed (the high voltages were used to align their relative 
gains) and this was fed into a QDC and a TDC. When there was a LED multiplicity 
two trigger in TAPS (see previous section), the QDC and TDC for both Nals were 
read.
2.8 Analysis Code
The data analysis and display software written in the ’C’ language contained routines 
for monitoring the detectors and allowed a detailed overview of progress during the 
experiment. This analysis software, the Analysis Support Library (ASL), was provided 
by colleagues from the University of Giessen where it has been developed over many 
years [110]. The same basic analysis software was used for both on-line and off-line 
analysis. The on-line analysis involved looking at raw QDC and TDC data along with 
some derived spectra, e.g. invariant mass, using preliminary calibrations. These basic 
spectra were provided as part of the standard off-line analysis. The complete analysis 
was performed by adding the required specific spectra, e.g. pion energy difference cut 
on incident photon energy and pion lab angle (see chapter 4).
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GEANT Simulations
3.1 Introduction
The TAPS detector array consists of 522 BaF2 elements in a complex geometry and 
the response to any one high energy photon involves several of these elements. For any 
given 7r° direction and energy the 7r° decay photons have a range of angles and energies. 
Therefore to determine the response of TAPS to neutral pions it is essential to carry 
out simulations of the 7r° decay and subsequent detection of the decay photons.
GEANT is a system of detector description and simulation tools that help physi­
cists design and optimise detectors, develop and test reconstruction and analysis pro­
grams, and interpret experimental data. It was devised in CERN in 1974 when it was 
just a bare framework that initially emphasised tracking of a few particles per event 
through relatively simple detectors. The system has been developed over the years 
and we are currently using version 3.21.
The GEANT program simulates the passage of elementary particles through mat­
ter. The principle applications of GEANT in High Energy Physics are:
1. the transport of particles through an experimental setup for the simulation of 
detector response;
2 . the graphical representation of the setup and of the particle trajectories.
The GEANT system allows you to:
• Describe an experimental setup by a structure of geometrical volumes;
• Accept events simulated by Monte Carlo generators;
• Transport particles through the various regions of the setup, taking into account 
geometrical volume boundaries and physical effects according to the nature of 
the particles themselves, their interactions with matter and magnetic fields;
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• Record particle trajectories and the response of the detectors;
• Visualise the detectors and the particle trajectories
Colleagues at the University of Giessen, Germany, already had a working GEANT 
simulation program for TAPS. This was modified to perform various simulations for 
a number of investigations the details of which follow. For the analysis of both ex­
perimental data and simulated events the same analysis routines could be used thus 
allowing comparisons and cross-checks.
In the course of obtaining experience with the TAPS GEANT simulation program, 
an incorrect modification of the basic TAPS code was discovered. This modification, 
whose origin could not be traced by colleagues in Giessen, resulted in energy below 
a user-set threshold being discarded at the end of tracks of neutral particles. For 
example, as much as 12 MeV of the initial energy of a 200 MeV photon could be 
lost in this way. This error was corrected before routine use was made of GEANT, 
although as a consequence it was not possible to use the results of any of the earlier
investigations done by the TAPS group because all of these had been done with the
incorrect code.
3.2 Cosmic Ray Calibrations
Cosmic rays are used to obtain a ’relative’ energy calibration for each of the 522 
BaF2 detector modules in TAPS on the assumption that they deposit the same aver­
age energy in all the TAPS elements independent of their position in the array (the 
procedure is described in section 4.3.1). Cosmic rays consist of high energy muons 
(both n~ and /z+ are present in almost equal probabilities). The muon flux at sea level 
has a mean energy of 2 GeV and a differential spectrum falling as E~2, steepening 
smoothly to E~3S above a few TeV. The angular distribution is cos2 0, changing to 
sec 0 at energies above a few TeV, where 6 is the zenith angle at production [77]. We 
carried out a simulation to check the constancy of the average energy deposition. Two 
possible effects might be
1. change in jjjj- because E  changes along the muon path,
2 . some of the energy deposited in any one detector might be due to particles that 
were produced by the muon in previous detectors that it passed through.
A simple indicator is the difference in the average energy deposited in a top row 
detector compared with the energy deposited in a bottom row detector. This difference 
will give an indication of the magnitude of residual calibration differences after the 
cosmic calibration has been carried out.
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F i g u r e  3 .1 : Exam ple of a cosmic ray track: H e r e  is  a n  e x a m p le  o f  a  c o s m ic  m u o n  
( g r e e n  t r a c k ;  a g a in  b lu e  t r a c k s  a r e  p h o t o n s  a n d  r e d  t r a c k s  c o r r e s p o n d  to  e l e c t r o n s  
a n d  p o s i t r o n s ) .  T h e  n u m b e r s  c o r r e s p o n d  t o  t h e  e n e r g y  d e p o s i t i o n  ( in  M e V ) in  t h a t  
d e t e c t o r .
A  G E A N T  s i m u l a t i o n  w a s  p e r f o r m e d  w i t h  m u o n s  in c i d e n t  o n  a  s in g le  T A P S  b lo c k .  
T o  i n v e s t i g a t e  t h e  e f f e c t  o n ly  t h o s e  e v e n t s  t h a t  p r o d u c e d  s ig n a l s  in  b o t h  a  t o p  ro w  
d e t e c t o r  a n d  a  b o t t o m  r o w  d e t e c t o r  w e re  a c c e p te d .  T o  r e d u c e  c o m p u t i n g  t i m e  t h e  
m u o n s  w e r e  l i m i t e d  t o  o r i g i n a t e  f r o m  a  p l a n e  t h e  s a m e  s iz e  a s  t h e  b lo c k  a n d  2 c m  
a b o v e  i t .  T h e  d i r e c t i o n  in  w h ic h  t h e y  w e re  t r a v e l l i n g  w a s  c h o s e n  a c c o r d in g  t o  t h e i r  
k n o w n  c o s 2 9 d i s t r i b u t i o n  [77]. A  \i~ o r  a  n + w a s  c h o s e n  r a n d o m l y  w i th  a  5 0 :5 0  
p r o b a b i l i t y .  A n  e x a m p le  o f  a  t y p i c a l  c o s m ic  r a y  t r a c k  t h r o u g h  a  T A P S  b lo c k  is  s h o w n  
in  F ig u r e  3 .1 . O n e  m i l l io n  e v e n ts  w e r e  s i m u l a t e d  fo r  tw o  m u o n  e n e r g ie s ,  2 G e V  a n d  
5 G e V , w h ic h  s a m p le  t h e  r a n g e  o f  e n e r g ie s  p r e s e n t  in  t h e  r e a l  m u o n  s p e c t r u m  [77]. 
T h e  c o s m ic  r a y  s p e c t r u m  a n d  a n g u l a r  d i s t r i b u t i o n  in  t h e  e x p e r i m e n t a l  h a l l ,  w h ic h  
is  9 m  b e lo w  g r o u n d  le v e l,  w ill  b o t h  b e  a l t e r e d  b y  a b s o r p t i o n  in  t h e  t h i c k  s h ie ld in g  
r o o f  b u t  t h i s  w a s  n o t  m o d e l l e d .  T h e  r e s u l t i n g  d a t a  w e re  a n a ly s e d  a n d ,  f o r  e a c h  m u o n
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F ig u r e  3 .2 : A sim ulated TAPS cosmic ray energy deposition spectrum : T h e
e n e r g y  d e p o s i t i o n  r e s u l t i n g  f r o m  2 G e V  m u o n s .
T a b le  3 .1 : Peak positions for energy spectra  to  investigate the  effect of m uon 
energy and p a th  th rough  a TAPS block.___________________
D etectors
Peak Posit 
2GeV
ion (MeV) 
5GeV
D e t  6 0  ( t o p ) 3 9 .8 7 4 0 .2 2
D e t  5 ( b o t t o m ) 3 9 .5 0 4 0 .4 9
A v e ra g e  f o r  t o p  ro w 3 9 .8 7 T 0 .4 2 4 1 . 0 3 i 0 . 4 1
A v e ra g e  f o r  b o t t o m  ro w 3 9 . 5 8 i 0 . 3 8 4 0 . 9 9 i 0 . 2 3
e n e rg y , t h e  p e a k  p o s i t i o n s  o f  t h e  e n e r g y  s p e c t r a  f o r  d e t e c t o r s  in  t h e  t o p  ro w  w e re  
c o m p a r e d  w i t h  t h e  p e a k  p o s i t i o n s  o f  t h e  e n e r g y  s p e c t r a  f o r  d e t e c t o r s  in  t h e  b o t t o m  
ro w  b y  f i t t i n g  a  G a u s s i a n  f u n c t i o n  t o  e a c h .  T h e  e n e r g y  d e p o s i t e d  b y  m u o n s  h a s  a  
L a n d a u  d i s t r i b u t i o n  w i th  a  w e l l -d e f in e d  p e a k  a s  s e e n  in  F i g u r e  3 .2  w h ic h  s h o w s  a  
t y p i c a l  e n e r g y  d e p o s i t i o n  s p e c t r a  f o r  a  d e t e c t o r  in  a  T A P S  b lo c k  f r o m  a  s i m u l a t i o n  o f  
2 G e V  c o s m ic  m u o n s .
T h e  d i f f e r e n c e  in  t h e  e n e r g y  d e p o s i t e d  b e tw e e n  a  d e t e c t o r  in  t h e  t o p  ro w  a n d  
o n e  in  t h e  b o t t o m  ro w  is  n o t  s ig n i f i c a n t ,  o f  t h e  o r d e r  o f  1 % , a s  s h o w n  in  T a b le  
3 .1 . T h u s  i t  w a s  c o n c lu d e d  t h a t  c o s m ic  r a y s  p r o v id e  s a t i s f a c t o r y  r e l a t i v e  c a l i b r a t i o n s .  
A  d i f f e r e n c e  o f  4  %  w a s  o b s e r v e d  b e tw e e n  t h e  p e a k  e n e r g y  v a lu e s  f o r  2 a n d  5 G e V  
in d i c a t i n g  t h a t  c o s m ic s  c a n  n o t  b e  u s e d  f o r  a b s o l u t e  c a l i b r a t i o n s  u n le s s  t h e  c o s m ic  r a y  
e n e r g y  d i s t r i b u t i o n  is  k n o w n  a c c u r a t e l y  ( a n d  i t  is  n o t  f o r  t h e  A 2  e x p e r i m e n t a l  h a l l ) .  
T h e r e  h a s  b e e n  s o m e  d e b a t e  a s  t o  w h a t  e n e r g y  t o  u s e  a s  t h e  p e a k  p o s i t i o n  w i t h  v a lu e s  
b e tw e e n  3 7  a n d  4 0  M e V  u s e d  a t  o n e  t i m e  o r  a n o t h e r  [ 1 1 0 ,1 1 1 ] .  H o w e v e r ,  s in c e  t h e  
c o s m ic  r a y  m e a s u r e m e n t s  a r e  o n ly  u s e d  f o r  r e l a t i v e  a l i g n m e n t  o f  t h e  T A P S  d e t e c t o r s  
a n d  t h e  a b s o l u t e  c a l i b r a t i o n  is  d e t e r m i n e d  f r o m  a  r e c o n s t r u c t i o n  o f  t h e  7r° m a s s  (s e e  
s e c t io n  4 .5 ) ,  t h e  v a lu e  c h o s e n  is  n o t  p a r t i c u l a r l y  i m p o r t a n t .  F o r  t h e  w o rk  p r e s e n te d
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here, the peak position was set at 38 MeV.
3.3 Light Collection Correction
One possible reason for the inability to obtain an absolute calibration based on the 
cosmic ray measurements is the neglect of scintillation light collection losses in pre­
vious analyses of TAPS data. Since it may also affect the linearity of the photon 
energy dependence in the TAPS response to photons, it was decided to investigate 
the light collection process in more detail. GEANT3 simulates the passage of elemen­
tary particles through matter but only to quite a basic level. It does not model the 
scintillation process itself or the processes involved in the collection of the photons 
emitted by the scintillator and their conversion into photo-electrons at the cathode of 
the photomultiplier [112]. Scintillation photons generated inside a detector travel by 
complicated paths to the photocathode, often undergoing multiple reflections in the 
process. During the collection process, photons may be lost due to absorption at the 
surface or in the scintillator itself [113]. For energy deposited at some particular point 
in the scintillator, the anode pulse is proportional to the energy deposited. However, 
the proportionality constant will, in general, vary from one point in the scintillator to 
another due to different fractions of the light being lost by absorption. To simulate 
the overall loss of light from a shower generated by a high energy incident photon, it 
is necessary to determine the loss as a function of position throughout the detector. 
This information was obtained experimentally using a collimated 22Na  source.
As described in section 2.4, the TAPS BaF2 detector components consist of a 
250 mm long hexagonally shaped Bai^-crystals (see Figure 2.7). Positrons from the 
22Na  source decays are annihilated producing back-to-back 511 keV photons. The 
experimental setup is shown in Figure 3.3.
Two TAPS detector elements were used to detect the 511 keV decay photons from 
the 22Na source: the anode pulse from one element (the sample) was measured when 
a photon was detected in the other (the trigger). Energy spectra were collected for 
various source positions along the length of the sample detector and the peak channel 
in the energy spectrum for each entry position was recorded. An approximately 
exponential relationship was expected between the peak channel number and the 
distance along the detector, namely
/  =  I0e~xd (3.1)
where Iq is the initial intensity of radiation and I  is the intensity after passing 
through thickness d of material of absorption coefficient A. However, the graph of 
In (Peak Channel) versus distance, shown in Figure 3.4, is not a straight line but
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F ig u r e  3 .3 : E xperim ental setup for light collection m easurem ent: T w o  T A P S  
d e t e c t o r  e l e m e n t s  w e re  u s e d  t o  m e a s u r e  l i g h t  c o l l e c t io n  u s in g  a  22N a  s o u rc e .
s h o w s  a  m o r e  c o m p l i c a t e d  b e h a v io u r .  T h i s  c o u ld  b e  d u e  t o  t h e  tw o  w a v e le n g th  c o m ­
p o n e n t s  in  t h e  s c i n t i l l a t i o n  l ig h t  o u t p u t  f r o m  B aF2 [103 ], w h ic h  m a y  h a v e  d i f f e r e n t  
a b s o r p t i o n  l e n g th s ,  o r  t o  t h e  c o n t r i b u t i o n  o f  l ig h t  r e f le c te d  f ro m  t h e  e n d  o f  t h e  BaF 2 
s c i n t i l l a t o r  b a c k  t o w a r d s  t h e  p h o t o m u l t i p l i e r  t u b e .  T h e  r e s u l t s  w e re  f i t t e d  w i th  t h e  
e x p r e s s io n
I  = I0e~ad( 3 .2 )
w h e r e  d  is  t h e  d i s t a n c e  f r o m  t h e  p h o t o m u l t i p l i e r  e n d  o f  t h e  BaF2 d e t e c t o r  a s  s h o w n  
in  F i g u r e  3 .3 . T h e  v a lu e s  o b t a i n e d  w e re  a  = —0 .0 1 2 2  c m -1  a n d  (3 =  0 .0 0 0 4 c m - 2 .
T h i s  i n f o r m a t i o n  w a s  u s e d  t o  a d d  a  l i g h t  c o l l e c t io n  c o r r e c t io n  t o  t h e  G E A N T 3  
c o d e .  T h e  l ig h t  c o l l e c t io n  e f fe c t  is  p r e s e n t  in  t h e  r e a l  d e t e c t o r  s y s t e m ,  so  i f  t h e  s im u ­
l a t i o n  is  t o  c o r r e c t ly  m o d e l  t h i s  i t  s h o u ld  b e  i n c lu d e d .  I n  G E A N T 3  a  p a r t i c l e  is  tracked 
t h r o u g h  a  g e o m e t r y  o f  o b j e c t s  b y  c a l c u l a t i n g  a  s e t  o f  p o i n t s  in  a  s e v e n - d im e n s io n a l  
s p a c e  (x, I/, z , t , px,py,pz) s p e c i f y in g  t h e  p o s i t i o n ,  t i m e ,  a n d  m o m e n t u m  w h ic h  is  c a l le d  
t h e  t r a j e c t o r y  o f  t h e  p a r t i c l e .  T h i s  is  a c h ie v e d  b y  i n t e g r a t i n g  t h e  e q u a t i o n s  o f  m o t i o n  
o v e r  s u c c e s s iv e  s t e p s  f r o m  o n e  t r a j e c t o r y  p o i n t  t o  t h e  n e x t  a n d  a p p l y i n g  c o r r e c t io n s  fo r  
t h e  p r e s e n c e  o f  m a t t e r .  A  d e t a i l e d  d e s c r i p t i o n  o f  t h e  k i n e m a t i c s  o f  t h e  p a r t i c l e  w o u ld  
r e q u i r e  t h e  t r a j e c t o r y  p o i n t  t o  b e  c a l c u l a t e d  e v e r y  t i m e  a  c o m p o n e n t  o f  t h e  m o m e n ­
t u m  c h a n g e d .  T h i s  is  n o t  p o s s ib le  a s  i t  w o u ld  r e s u l t  in  a n  e n o r m o u s l y  l a r g e  n u m b e r  
o f  p o i n t s  b e i n g  c a l c u l a t e d .  P r o c e s s e s  lik e  t h e  lo s s  o f  e n e r g y  d u e  t o  b r e m s s t r a h l u n g  
a n d  i o n i s a t i o n  a r e  e s s e n t i a l l y  c o n t in u o u s  so  a n  a r b i t r a r y  d i s t i n c t i o n  is  m a d e  b e tw e e n  
d i s c r e t e  a n d  c o n t in u o u s  p r o c e s s e s ,  c o n t r o l l e d  b y  a  s e t  o f  t h r e s h o l d s  w h ic h  c a n  b e  s e t  
b y  t h e  u s e r .  T h u s  a  p a r t i c l e  t r a j e c t o r y  is  a  s e t  o f  p o i n t s  a t  w h ic h  a  d i s c r e t e  p r o ­
c e s s  h a s  h a p p e n e d .  T h e  t r a c k i n g  p a c k a g e  c o n t a i n s  a  s u b p r o g r a m  w h ic h  p e r f o r m s  t h e  
t r a c k i n g  f o r  a l l  p a r t i c l e s  in  t h e  c u r r e n t  e v e n t  a n d  f o r  t h e  s e c o n d a r y  p r o d u c t s  w h ic h
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Figure 3.4: R esults from N a-22  source: A polynomial order 2 gives a good fit to 
the data points.
Figure 3.5: Light Collection C orrection  C oord inate  System : GEANT3 gives 
each interaction an x, y, and z coordinate. Any change in the y and z was ignored as it 
was the distance from the photocathode at which the scintillation light was produced 
that was of interest. Thus the parameter d was introduced.
they generate, plus some tools for storing the space point coordinates computed along 
the corresponding trajectories [100].
As discussed above, the amount of light that reaches the photocathode depends 
on how far away from it the light is produced. This will determine how much of the 
deposited energy is “detected”. The important distance is how far along the length 
of the detector the light is produced, the value of d. It was assumed that the light 
collection did not vary significantly over the cross section of the detector at a fixed 
value of d. The energy lost by the particle for each tracking step was reduced according 
to the distance from the photocathode with
l_
Trajectory Points
d
E = E0e~ad-^d2 (3.3)
where E0 is the uncorrected energy deposition at that step, E  is the light collection
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F ig u r e  3 .6 :  G raph to  show the  effect of light collection correction: C o m p a r i s o n  
o f  a v e r a g e  e n e r g y  d e p o s i t e d  in  a  s in g le  T A P S  b lo c k  fo r  G E A N T 3  s i m u l a t i o n s  w i t h  a n d  
w i t h o u t  l i g h t  c o l l e c t io n  c o r r e c t io n .
c o r r e c t e d  e n e r g y  - t h e  “d e t e c t e d ” e n e r g y  , d is  t h e  d i s t a n c e  f r o m  t h e  p h o t o c a t h o d e  o f
v a lu e s  a s  in  e q u a t i o n  3 .2 .
A p p e n d i x  B  g iv e s  d e t a i l s  o f  h o w  t h e  d i s t a n c e  f r o m  t h e  p o i n t  o f  i n t e r a c t i o n  t o  t h e  
p h o t o c a t h o d e  w a s  d e t e r m i n e d  fo r  e a c h  d e t e c t o r  e l e m e n t  in  o r d e r  t o  im p l e m e n t  t h i s  
c o r r e c t io n  i n t o  t h e  s im u la t io n s .
F o r  a  r a n g e  o f  e n e r g ie s  f r o m  10 t o  1 5 0 0  M e V  s im u l a t i o n s  w e re  p e r f o r m e d  w h e r e  
1 0 ,0 0 0  p h o t o n s  w e re  f i r e d  i n t o  t h e  c e n t r e  o f  a  T A P S  b lo c k  b o t h  w i th  a n d  w i t h o u t  t h e  
l ig h t  c o l l e c t io n  c o r r e c t io n  in  t h e  c o d e .  T h e  a v e r a g e  s i m u l a t e d  d e t e c t e d  e n e r g y  in  t h e  
b lo c k  w a s  c a l c u l a t e d  f o r  e a c h  a l g o r i t h m .  T h e  e f f e c t  o f  t h e  l i g h t  c o l l e c t io n  c o r r e c t io n  
is  s h o w n  in  F i g u r e  3 .6 .
S h o w e r  c o l l e c t io n  ( f r a c t i o n  o f  i n c id e n t  e n e r g y  d e p o s i t e d  in  t h e  b lo c k  w i th  t h e  u n ­
c o r r e c t e d  a l g o r i t h m )  a n d  l ig h t  c o l l e c t io n  ( f r a c t i o n  o f  t h e  d e p o s i t e d  e n e r g y  t h a t  is  
“d e t e c t e d ” w h e n  t h e  c o r r e c t io n  is  a p p l i e d )  w e re  a l s o  c a l c u l a t e d  a n d  t h e i r  d e p e n d e n c e  
o n  t h e  i n c i d e n t  p h o t o n  e n e r g y  is  s h o w n  in  F i g u r e  3 .7 . T h e  s iz e  o f  t h e  e l e c t r o m a g ­
n e t i c  s h o w e r  r e s u l t i n g  f r o m  t h e  p h o t o n  in c r e a s e s  w i t h  i t s  e n e r g y  a n d  th e r e f o r e  t h e  
p r o b a b i l i t y  o f  s o m e  o f  t h e  s h o w e r  e s c a p in g  t h e  b lo c k  a n d  n o t  b e i n g  d e t e c t e d  in c r e a s e s  
a n d  is  i l l u s t r a t e d  in  F ig u r e  3 .8 . T h i s  r e s u l t s  in  a  d e c r e a s e  o f  3 %  in  s h o w e r  c o l l e c t io n  
w h e n  t h e  i n c i d e n t  p h o t o n  e n e r g y  in c r e a s e s  f r o m  10 M e V  t o  1 5 0 0  M e V . H o w e v e r ,  a s  
t h e  e n e r g y  o f  t h e  p h o t o n  in c r e a s e s ,  t h e  a v e r a g e  d e p t h  o f  t h e  s h o w e r  in  t h e  d e t e c t o r  
a l s o  i n c r e a s e s  a n d  so  t h e  r e s u l t i n g  s c i n t i l l a t i o n  l ig h t  is  p r o d u c e d  n e a r e r  t o  t h e  p h o t o ­
c a t h o d e .  H e n c e  l ig h t  c o l l e c t io n  is  f o u n d  t o  i n c r e a s e  b y  10 %  o v e r  t h e  s a m e  r a n g e  o f
t h e  c e n t r e  o f  t h e  p a t h  a t  t h a t  s t e p  a s  s h o w n  in  F i g u r e  3 .5 , a n d  a  a n d  (3 h a v e  t h e  s a m e
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F ig u r e  3 .8 : Effect of photon energy on the  size of the  electrom agnetic shower 
produced in TAPS: T h e  s iz e  o f  t h e  s h o w e r  p r o d u c e d  in  T A P S  in c r e a s e s  w i t h  in c i ­
d e n t  p h o t o n  e n e r g y  a s  d o e s  t h e  p r o b a b i l i t y  o f  p a r t  o f  t h a t  s h o w e r  e s c a p in g  t h e  b lo c k  
a s  c a n  b e  s e e n  in  t h e s e  e x a m p le s  o f  ( a )  a  10  M e V  p h o t o n  a n d  ( b )  a  2 0 0  M e V  p h o t o n  
i n c id e n t  o n  a  T A P S  b lo c k  a s  v ie w e d  f r o m  t h e  s id e .  P h o t o n s  a r e  r e p r e s e n te d  b y  b lu e  
t r a c k s  a n d  c h a r g e d  p a r t i c l e s  b y  r e d  t r a c k s .  T h e  in c id e n t  p h o t o n  e n t e r s  t h e  b lo c k  f r o m  
t h e  le f t .
R .  S a n d e r s o n  P hD T h e s i s  O c t o b e r  2 0 0 2
CHAPTER 3. GEANT SIMULATIONS 57
incident photon energies. The shower collection effect was clearly already included in 
the existing simulation but the light collection effect was not and in fact was found 
to be the larger effect of the two. Therefore the light collection correction algorithm 
was used in all subsequent simulations for the present experiment.
3.4 Detection Efficiency
As TAPS is not a Air detector and its component detectors are non-uniformly posi­
tioned, the efficiency with which it detects neutral pions varies strongly with both 
pion energy and angle. A significant fraction of the pion decay photons was not in­
cident on any part of TAPS. The opening angle distribution of the two pion decay 
photons is strongly correlated with the pion energy (see Appendix A.2). The pion 
decay photons were detected in separate TAPS blocks as described in section 2.7.2. 
Pions whose decay photons had an opening angle for which TAPS provided little solid 
angle were unlikely to be detected.
GEANT3 simulations were performed for pions with discrete energies (range Ev = 
135-380 MeV) and lab angles (Q„ = 0-180°). The pions were generated inside the target 
and the decay photon interactions with the target and beam-pipe were simulated along 
with the interaction with the TAPS detector system itself. The resultant particles 
were tracked until their energy was less than 1 MeV after which it was assumed that 
they were absorbed by the material. The simulated data sets were analysed using the 
same analysis with the same cuts (except timing cuts - see below) as were applied to 
the experimental data. For 160 , 100,000 pions were simulated for each energy and 
angle combination and the detection efficiency was determined for each by simply 
comparing the number of simulated pions generated and detected. Cross sections were 
to be produced in bins of incident photon energy and pion lab angle (see section 4.8). 
Therefore, pion energy was converted to incident photon energy assuming coherent 
production (see Appendix A.4) and the efficiency values for discrete incident photon 
energies and pion lab angles were converted into efficiencies for the bins to be used 
for the cross sections. The variation in detection efficiency with pion angle is given 
in Figure 3.9(a). For 208Pb, 500,000 pions were simulated for each energy and angle 
combination and the detection efficiency was determined in the same way as for 16O. 
The variation in detection efficiency with pion angle is given in Figure 3.9(b). The 
statistical error associated with the detection efficiencies is discussed in section 4.8.1. 
Simulating a greater number of pions for each pion energy and angle combination 
would have decreased this error but it would also have increased the computing time 
significantly. For example, the 208Pb simulation took around 2 weeks to perform but 
the lsO simulations took only a couple of days. As the contribution to the error in
R .  S a n d e r s o n P h D  T h e s i s O c t o b e r  2 0 0 2
CHAPTER 3. GEANT SIMULATIONS 58
  135 -140  M eV
—  150-155 M eV
—  170-180  M eV
—  190-200  M eV  
-  200 -2 2 0  M eV
—  22 0 -2 4 0  M eV
—  280 -3 0 0  M eV
—  340 -3 6 0  M eV
D e te c tio n  E f fic ie n c y  V a r ia tio n  W ith  P io n  A n g le  an d  I n c id e n t P h o to n  E n erg y  
Lead-208
D e te c t io n  E f f ic ie n c y  V a r ia t io n  w i th  P io n  A n g le  a n d  I n c id e n t  P h o to n  E n e rg y  
O x y g e n -16
15
20
Pion A n g le  ( x5  d e g rees)
15
135-140  M eV  
150-155  M eV
  190-200  M eV
  20 0 -2 2 0  M eV
  22 0 -2 4 0  M eV
  28 0 -3 0 0  M eV
—  34 0 -3 6 0  M eV10
£|
5
0 ,
200 4 0
Pion  A n g le  ( x2  degrees)
60 80
(a) 160  (b) 208Pb
F ig u r e  3 .9 : TAPS detection efficiency as a function of pion lab angle for 
various pion energies: T h e  d i f f e r e n c e  b e tw e e n  t a r g e t s  is  s m a l l  a n d  t h e  g e n e r a l  
t r e n d s  m a tc h .
t h e  c r o s s  s e c t i o n  d u e  t o  t h e  u n c e r t a i n t y  in  t h e  d e t e c t i o n  e f f ic ie n c y  w a s  c o m p a r a b l e  
t o  t h e  c o n t r i b u t i o n  f r o m  t h e  e s t i m a t e  o f  t h e  n u m b e r  o f  c o h e r e n t  e v e n t s  ( s e e  s e c t io n  
4 .7 .2 ) ,  s im u l a t i o n s  o f  a  g r e a t e r  n u m b e r  o f  p io n s  w a s  n o t  c a r r i e d  o u t .
T h e  G E A N T 3  s i m u l a t i o n  d id  n o t  p r o v id e  i n f o r m a t i o n  a b o u t  t h e  t i m i n g  o f  t h e  
T A P S  s ig n a l s  a n d  th e r e f o r e  t h e  c a l c u l a t e d  e f f ic ie n c y  d id  n o t  a l lo w  f o r  t h e  r e d u c t i o n  
p r o d u c e d  b y  t h e  c u t s  a p p l i e d  t o  t h e  t i m e  s p e c t r a .  T h e r e f o r e ,  s e p a r a t e  c o r r e c t io n s  
w e re  m a d e  fo r  t h i s  ( s e e  s e c t i o n  4 .8 ) .
3.4.1 P ion  Energy and A ngle R eso lu tion
S in c e  s im u l a t i o n s  o f  p io n s  w i th  d i s c r e t e  e n e r g ie s  a n d  a n g le s  w e r e  p e r f o r m e d  f o r  t h e  
c a l c u l a t i o n  o f  d e t e c t i o n  e ff ic ie n c y , t h e s e  c o u ld  a l s o  b e  u s e d  t o  d e t e r m i n e  h o w  w e ll t h e  
T A P S  a n a ly s i s  r e c o n s t r u c t s  t h e  p io n  e n e r g y  a n d  a n g le  in  t h e  l a b o r a t o r y  f r a m e  b y  
s im p ly  c o m p a r i n g  w h a t  w a s  s i m u l a t e d  w i t h  w h a t  t h e  a n a ly s i s  s o f tw a r e  r e c o n s t r u c t s .  
E x a m p le s  o f  t h i s  c o m p a r i s o n  a r e  g iv e n  in  T a b l e  3 .2  a n d  s h o w n  in  F ig u r e  3 .1 0 . T h e  
p io n  e n e r g y  r e s o lu t io n  is  a f f e c te d  s l i g h t ly  b y  p io n  a n g le  b u t  t h e  m a in  e f f e c t  is  t h e  
d e t e r i o r a t i o n  w i t h  i n c r e a s i n g  p io n  e n e r g y  a s  a  r e s u l t  o f  in c r e a s i n g  s h o w e r  lo s s e s .  T h e  
p io n  a n g u l a r  r e s o lu t io n  is  r e a s o n a b l y  s t e a d y  a t  f ix e d  p io n  e n e r g y  w h a t e v e r  t h e  a n g le  
b u t  i t  im p r o v e s  w i th  i n c r e a s i n g  p io n  e n e r g y .
T h e  e f f e c t  o f  t h e  T A P S  g e o m e t r y  c o m b in e d  w i t h  t h e  e f f e c t  o f  t h e  p io n  e n e r g y  
o n  t h e  o p e n i n g  a n g le  b e tw e e n  i t s  d e c a y  p h o t o n s  is  a l s o  e v i d e n t  in  t h e  r e s u l t s .  T h e  
r e c o n s t r u c t e d  p io n  a n g le  is  a lw a y s  c lo s e  t o  t h e  c o r r e c t  v a lu e  w h a t e v e r  t h e  p io n  e n e r g y .  
H o w e v e r ,  t h e r e  a r e  a  fe w  p io n  e n e r g y  a n d  a n g l e  c o m b i n a t i o n s  t h a t  g iv e  r e c o n s t r u c t e d  
p io n  e n e r g ie s  s ig n i f i c a n t ly  b e lo w  t h e  t r u e  v a lu e .  T h e s e  c o r r e s p o n d  t o  p io n s  w i t h  a
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F i g u r e  3.10: R econstructed  pion energy and angle: I n c r e a s in g  t h e  p io n  e n e r g y  
r e s u l t s  in  p o o r e r  p io n  e n e r g y  r e s o lu t io n  b u t  im p r o v e d  p io n  a n g u l a r  r e s o lu t io n .
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Table 3.2: Com parison of sim ulated and reconstructed  pion energy and an­
gle. (Reconstructed values quoted are the peak positions of the particular spectrum)
Sim ulated R econstructed
En (MeV) Et (MeV) FWHM (MeV) U ° ) FWHM (°)
145 10 144.50 3.0 10.43 6.96
35 144.53 3.0 34.42 8.01
45 144.47 3.0 44.34 7.97
210 5 208.45 13.01 5.25 4.03
60 209.22 8.99 60.17 4.02
120 208.50 11.05 120.08 4.02
175 209.51 13.01 175.06 4.01
295 5 291.96 19.96 5.08 4.01
60 297.06 18.92 60.34 2.99
120 297.39 18.01 120.21 2.99
175 296.07 18.01 175.12 2.05
380 5 380.84 29.11 5.28 3.03
60 380.25 25.94 59.98 4.02
120 377.19 25.95 120.04 2.99
175 374.11 25.04 175.02 1.96
minimum opening angle between their decay photons that for certain $v values results 
in one, or even both, the photons being directed toward a gap between blocks. For 
example, the minimum opening angle for a pion with 295 MeV is ~  55° which means 
that for such a pion with 0n = 5°, its decay photons will most likely have directions 
with one toward the gap between block C and the forward wall and the other toward 
the gap between block D and the forward wall (see Figure 2.6). Most decay photon 
pairs have an opening angle close to the minimum (see section 2.4) so those that are 
detected will be incident at the edges of blocks and therefore suffer significant shower 
losses, hence the low value of reconstructed pion energy. The reconstructed pion angle 
in this particular example has a wider FWHM than those for other pion angles at the 
same energy for the same reason.
3.5 Positioning the N al Detectors
As discussed in section 2.5, two Nal detectors were positioned one above and one 
below the target to attempt to detect the decay photons from incoherent 7r° pho­
toproduction. In order to detect as many of these photons as possible the crystals 
should be positioned close to the target for maximum solid angle coverage. However, 
the exact positioning must take into account the proximity of the TAPS blocks. The 
sodium iodide crystals must not be in the line of sight of any block to the target so as 
not to interfere with the detection of the pion decay photons. Therefore the closest
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Figure 3.11: Typical energy deposition spectrum  for a N al: From a simulation 
with the Nal positioned 13.5 cm from the centre of the 12C target. Photon energy = 
4.4 MeV.
they could be to the target was 9 cm. The decay photons from the excited nucleus in 
the incoherent process could clip the corners of the Nal crystal and as a result only 
deposit a fraction of their energy thus adding to the background in the energy spectra. 
Collimating the crystals would remove these events from the spectra. A number of 
simulations were performed to investigate if this was worthwhile and to calculate the 
optimum distance of the detectors from the target.
A typical Nal energy deposition spectrum for 4.4 MeV photons is shown in Figure 
3.11. The most prominent feature is the full energy peak with a slightly smaller first 
escape peak 511 keV below it. A collimator would only be of use if it increased the 
ratio of events in the full energy peak to events in the background without a significant 
drop in efficiency. Simulations were performed of photons from within a target fired 
into a single Nal at a range of positions, with and without a collimator. The photons 
were generated from a point at the centre of the target with random trajectories within 
a cone of diameter equal to that of the Nal. This ensured that all photons generated 
would strike the Nal and therefore reduced computing time. Two sizes of collimator 
were investigated: 16 and 18 cm diameter, both centred on the Nal detector. For each 
simulation the peak:background ratio was calculated. Comparison of these indicated 
that a detector at 13.5 cm from the target with no collimator compared favourably 
with a detector at 9 cm with a collimator (see Table 3.3). The photon energies chosen 
were typical of the decay photon energies in the (7 , 7T°) experiment (the first excited 
state o f12C is 4.4 MeV and the first excited state of 208Pb is 2.6 MeV). Increasing the 
target to detector distance to 13.5 cm actually increased the number of counts in the 
peak region by a factor of 1.5 (comparing 13.5 cm with no collimator to 9 cm with
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Table 3.3: Positioning the N al detector 13.5 cm from the 12C target with  
no collimator gives a comparable peak to background ratio to positioning 
it at 9 cm with a collimator.__________________________________
Peak:Background
Source Position/Collim ator 1.25 MeV 4.4 MeV
9 cm, no coll 2.06 0.86
9 cm, coll diameter=16 cm 2.81 1.07
9 cm, coll diameter=18 cm 2.48 0.97
13.5 cm, no coll 2.79 1.09
13.5 cm, coll diameter=16 cm 4.36 1.55
13.5 cm, coll diameter=18 cm 3.82 1.40
800
600
400
200
00 1000 2000 3000 4000 5000 6000
Figure 3.12: Energy deposition spectrum for Nal: A simulation of photons of 
energy 4.4 MeV fired into a Nal from within the carbon target. The Nal was 11.5 cm 
from the centre of the target.
collimator). The number of counts in the background also increased but by a lesser 
factor of 1.3 resulting in cleaner spectra.
In the experiment the Nal detectors were positioned 11.5 cm from the target 
(distance from centre of target to front face of crystal) as this was out of the line of 
sight of the TAPS blocks and provided a compromise between cleaner spectra and 
solid angle coverage (see Figure 3.12).
3.6 Summary
A series of GEANT3 simulations were performed and have been described in this 
section.
It was verified that cosmic ray muons could be used to obtain a relative calibration
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of TAPS. Details of this calibration procedure are in section 4.3.1.
Measurements were made of the light collection in a TAPS detector module and 
this effect was included in the GEANT code and used in the simulations performed 
to obtain the detection efficiency of TAPS for neutral pions. Detection efficiency 
simulations were performed for each target. The resulting detection efficiencies were 
used in the calculation of the cross sections (see section 4.8).
Finally, simulations were performed to investigate the optimum positioning of the 
Nal blocks used to try to identify the additional decay photons from the incoherent 
(7 , 7T°) process. No collimator was necessary and the experiment was performed with 
each Nal at 11.5 cm from the target (see section 2.5 and 4.9).
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Chapter 4 
Data Analysis
4.1 Introduction
This section describes the steps in the analysis required to get to the cross sections 
for 16O and 208Pb and is summarised as follows:
The energy deposited in the detectors was read out by charge to digital converters 
(QDC’s) which output in channels. Therefore a translation from QDC channel number 
to energy (in MeV) was needed, an energy calibration. The energy signals from TAPS 
were recorded in two QDC’s, one with a narrow (50 ns) and one with a wide (2 /is) 
logic signal as a gate. Each of these signals required separate energy calibrations. 
Energy calibrations were also carried out for the two Nal detectors using radioactive 
sources.
Time signals from the TAPS elements and the tagger were read out by time to 
digital converters (TDC’s) which also output in channel numbers. Translation from 
channel number to time (in ns) was performed by a colleague at the University of 
Giessen [109]. The TDC outputs from the tagger and the TDC outputs from the 
TAPS elements were aligned and changes in the alignment during the data runs were 
identified.
The two decay components of the BaF2 scintillation were used after the energy 
calibrations were completed to separate the photons from heavier particles like mesons 
and baryons. The wide and narrow gate energy signals were compared and pulse shape 
analysis (PSA) cuts were determined for every TAPS element to exclude heavier parti­
cles. The veto detector outputs were also examined and the selection criteria for which 
TAPS elements would be classed as constituting part of a cluster was determined.
The photon cluster energy was reconstructed and a method for reconstructing the 
position of the cluster was chosen. A correction was then applied to this position 
reconstruction method to correct an identified systematic error.
Cuts on the timing and reconstructed pion mass were applied to the data to select
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pions. The “pion energy difference” of the pion was reconstructed and as a result the 
use of the veto detectors was reconsidered. The coherent part of the cross section was 
determined from fits made to the pion energy difference distributions. For the 160  
data part of the incoherent contribution was also determined from fits made to the 
pion energy difference distributions.
The data from the Nal detectors were investigated.
The tagging efficiency measurements performed during the data taking run were 
investigated and corrections for the presence of the target in the photon beam and 
background in the tagger following beam optimisations were made. Finally, the de­
tection efficiencies described in section 3.4 were implemented and the cross sections 
and their associated errors were calculated.
4.2 Tagging Efficiency
The energy and flux of the bremsstrahlung photons which produced the (7 , 7r°) reac­
tions were determined, as explained in section 2.3, by the photon tagging technique. 
The fractional number of photons that pass through the collimator was measured dur­
ing the experimental run usually at a frequency of once a day. The tagging efficiency 
measurement process was described in section 2.3.1.
In a tagging efficiency measurement, N7 photons pass through the collimator and 
Nc are intercepted. The number of electrons detected in the focal plane is
Ne = Nc + JV7 (4.1)
The tagging efficiency is
My My ,  ^
etagg -  ^  + ^  (4. )
Nc and iV7 are uncorrelated so their statistical errors ctjvc, (Jn7 are y/Wc and yJWy
respectively. Hence the statistical error in the tagging efficiency is given by
Ojtagg_ _  / M e  N 7
etagg V ^ N e 1 ' >
A first analysis of the tagging efficiency measurements identified a number of tag­
ger channels that sometimes worked and sometimes did not. Most of these were 
concentrated in the first 30 channels of the focal plane detector so these channels 
were excluded when polynomial order 2 fits were performed on all tagging efficiency 
measurements to determine the variation of the efficiency with channel number. The 
shapes of the efficiency plots and the fit parameters obtained from the different mea­
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surements were compared and details of this follow.
4.2.1 Effect of Target
Tagging efficiency measurements are normally performed with the target removed 
from the beam. Unfortunately in the TAPS setup this could not be done by remote 
control. Removing our targets involved bringing the vacuum up to air. After removing 
the target it was necessary to pump back down to vacuum, perform the tagging 
efficiency measurement and then do the whole thing in reverse to get back to running 
conditions. This was not only time consuming but would possibly introduce error in 
the repositioning of the targets and change the beam conditions. Therefore it was 
decided to perform most of the tagging efficiency measurements with the target in 
place. When the targets were changed an additional measurement was performed 
with no target in position. These measurements showed how the target affected the 
tagging efficiency measurement. Figure 4.1 shows a tagging efficiency measurement 
with (a) 12(7, (b) with 20SPb and (c) with no target. The measurement with no target 
has a small fall-off in tagging efficiency at high tagger channels (corresponding to low 
incident photon energies) due to the divergence of the photon beam. In measurements 
with the target present, the beam interacts with the target and this effect is more 
pronounced at low energies resulting in an increased fall-off. However no significant 
difference between targets was observed. Hence a correction for the presence of the 
target was required but it was found that the same correction could be used for all 
targets.
The data from tagging efficiency measurements with no target were summed, as 
were the data from all the measurements made with targets in position, to improve the 
statistics in order to evaluate the general trend. As discussed, initially a polynomial 
order 2 function was fitted to all the tagging efficiency measurements. A number 
of functions were investigated to find which provided the best representation of the 
variation of tagging efficiency with tagger channel. As a result it was found that a 
polynomial order 3 function provided the best fit to the no target measurements but 
a polynomial order 6 function provided the best fit to the target in measurements. 
Therefore, a polynomial order 3 function was fitted to both sets of summed data and 
additionally a polynomial order 6 function was fitted to the target in data. There was 
no significant difference between target-in and target-out measurements up to tagger 
channel 100 so the target-in fit was used for this region. Correction for the presence 
of the target was only required for higher tagger channels.
Thus the fit determined from the summed data was applied to each tagging effi­
ciency measurement:
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Figure 4.1: Effect of ta rg e t on tagging efficiency: The presence of any target 
clearly affects the shape of the tagging efficiency particularly at high tagger channels 
(compare figure (a) and (b) with (c)). However, variation between targets is small as 
can be seen by comparing (a) 12C with (b) 20SPb.
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f Tf ( x)  i f  x < 100
= I '' \  _ (4.4)
T mtiS)f(x )9(x) i f  X >  100 
where
f (x)  = fit of sum of target in runs
= 1 +  0.003i -  0.0799 x 1(T3x2 +  0.9787 x 1(t V  -  5.955 x 1(T V
+1.741 x 10"u x5 -  1.965 x 10~14x6 (4.5)
fit of target out runs
s(z) =
5 (100)
fit of target in runs
0.9639 +  0.0004i -  2 x KT6! 2 +  5 x 10"V (4.6)
normalisation factor
0.9889 (4.7)
The values for T, the tagging efficiency in channel x = 0, in equation 4.4 were 
typically 0.18-0.20.
4.2.2 Effect of Background in the Tagger
On the first look through all the tagging efficiencies an “oddity” was noted in one mea­
surement performed just after a beam optimisation. The efficiency was significantly 
lower at low tagger channels than in other measurements and is shown in Figure 4.2. 
These tagger channels are those located nearest to the beam-pipe.
The “odd” tagging efficiency consisted of two data files and when these were anal­
ysed separately it was much more pronounced in the first file as shown in Figure 4.3. 
This suggested that there was some background in the tagger scalers due perhaps to 
the beam hitting the collimator or beam pipe during the optimisation and producing 
some form of radioactivity in them.
As a result of this observation, measurements on the tagger scalers were performed 
in Mainz in December 1999. They were observed with no beam, i.e. background only, 
before and after an optimisation. This showed there to be an effect of about 2 % 
increasing to 5-10 % after an optimisation resulting in a background correction of:
Bcorr = X (4.8)
WeTS tB
where
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Figure 4.2: Tagging efficiency perform ed shortly  after beam  optim isation:
The efficiency is significantly lower at low tagger channels than usual, see Figure 4.1.
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(a) First file (b) Second file
Figure 4.3: Tagging Efficiency perform ed ju s t a fter beam  optim isation: (a)
the first file of data clearly shows the decrease in efficiency at low tagger channels; 
(b) the efficiency is starting to increase back to the normal level.
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F ig u r e  4 .4 : Background correction.
N bts  — n u m b e r  o f  c o u n t s  f r o m  t h e  t a g g e r  s c a le r  f o r  b a c k g r o u n d  m e a s u r e m e n t
NeTS — n u m b e r  o f  c o u n t s  f r o m  t h e  t a g g e r  s c a le r s  f o r  e f f ic ie n c y  m e a s u r e m e n t
tt =  d u r a t i o n  o f  e f f ic ie n c y  m e a s u r e m e n t  [60 m in ]
t b — d u r a t i o n  o f  b a c k g r o u n d  m e a s u r e m e n t  [10 m in ]
F i g u r e  4 .4  g iv e s  t h e  p lo t  o f  b a c k g r o u n d  c o r r e c t io n  v e r s u s  t a g g e r  c h a n n e l  a n d  t h i s  
c o r r e c t io n  w a s  a p p l i e d  t o  a l l  t a g g i n g  e f f ic ie n c y  m e a s u r e m e n t s  ( i .e . ,  etagg — etagg(l  +  
Bcorr))•  T h e  m e a s u r e m e n t  m a d e  v e r y  s h o r t l y  a f t e r  a  b e a m  o p t i m i s a t i o n  t h a t  f i r s t  
id e n t i f i e d  t h i s  p r o b le m  w a s  d i s c a r d e d .
A  t o t a l  o f  18  t a g g i n g  e f f ic ie n c y  m e a s u r e m e n t s  w e re  p e r f o r m e d  d u r i n g  t h e  e x p e r i ­
m e n t  a n d  a s  s t a t e d  in  t h e  p r e v io u s  s e c t io n ,  t h e s e  g a v e  v a lu e s  o f  T  r a n g in g  f r o m  0 .1 8  
t o  0 .2 0 . T h e r e f o r e ,  18 c a l i b r a t i o n  f ile s  w e r e  p r o d u c e d ,  e a c h  c o n t a i n i n g  v a lu e s  f o r  t h e  
t a g g i n g  e f f ic ie n c y  fo r  e a c h  t a g g e r  c h a n n e l .  T h e  f ile  f o r  a  p a r t i c u l a r  t a g g i n g  e f f ic ie n c y  
m e a s u r e m e n t  w a s  u s e d  f o r  a l l  t h e  d a t a  t a k e n  b e tw e e n  t h a t  m e a s u r e m e n t  a n d  t h e  n e x t .
4.3 Calibrations
4.3.1 E nergy C alibrations
E n e r g y  c a l i b r a t i o n  o f  t h e  T A P S  d e t e c t o r s ,  t h a t  is  t h e  t r a n s l a t i o n  f r o m  c h a n n e l s  t o  
M e V , c a n  b e  c a r r i e d  o u t  in  a  n u m b e r  o f  w a y s :  u s in g  r a d i o a c t i v e  s o u r c e s ,  f i r in g  t h e  
t a g g e d  p h o t o n  b e a m  s t r a i g h t  i n t o  t h e  T A P S  d e t e c t o r  e l e m e n ts ,  o r  d e t e c t i o n  o f  c o s m ic  
r a d i a t i o n .  C o s m ic  r a y s  h a v e  b e e n  t h e  s t a n d a r d  m e t h o d  o f  p e r f o r m i n g  e n e r g y  c a l i b r a ­
t i o n s  in  T A P S  f o r  a  n u m b e r  o f  y e a r s  b u t  t h e  p h o t o n  e n e r g y  e q u i v a l e n t  t o  t h e  p e a k
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F ig u r e  4 .5 : A TAPS cosmic ray energy deposition spectrum : T h e  p e a k  is  f i t t e d  
w i th  a  G a u s s i a n  d i s t r i b u t i o n  o n  a  l i n e a r  b a c k g r o u n d .  T h e  p e d e s t a l  is  t h e  s h a r p  p e a k  
f u r t h e s t  t o  t h e  le f t  h a n d  s id e  o f  t h e  s p e c t r u m .  [ F ig u r e  c o u r t e s y  o f  [72]]
p o s i t i o n  o f  t h e  c o s m ic  e n e r g y  d e p o s i t i o n  s p e c t r u m  is  n o t  w e ll k n o w n  [ 7 1 ,1 1 0 ,  111 ]. 
H o w e v e r , i t  is  a c c e p t e d  t h a t  w h e r e v e r  t h e  p e a k  is  i t  s h o u ld  b e  a t  t h e  s a m e  e n e r g y  fo r  
a l l  t h e  T A P S  e l e m e n t s  a s  w a s  v e r if ie d  in  s e c t i o n  3 .2 . T h e r e f o r e ,  t h e  c o s m ic  r a y s  w e re  
u s e d  f o r  a  ’r e l a t i v e ’ e n e r g y  c a l i b r a t i o n .
A  ty p i c a l  T A P S  c o s m ic  r a y  e n e r g y  d e p o s i t i o n  s p e c t r u m  is  s h o w n  in  F ig u r e  4 .5 . 
C o s m ic  r a y  c a l i b r a t i o n  r u n s  w e r e  p e r f o r m e d  b e f o r e  a n d  a f t e r  e a c h  d a t a  t a k i n g  p e r i o d  
b y  t r i g g e r i n g  t h e  d a t a  a c q u i s i t i o n  o n  a  s in g l e  h i t  in  a n y  T A P S  e l e m e n t  w i th  a  m i n i ­
m u m  e n e r g y  o f  10 M e V . A  c a l i b r a t i o n  w a s  p r o d u c e d  f o r  e a c h  T A P S  e l e m e n t  u s in g  t h e  
c h a n n e l  n u m b e r s  o f  t h e  p e d e s t a l  ( t h e  c h a n n e l  n u m b e r  c o r r e s p o n d i n g  t o  z e r o  e n e r g y  
d e p o s i t i o n )  a n d  t h e  p e a k  c h a n n e l .  T h e  p e d e s t a l  w a s  d e t e r m i n e d  b y  e y e . T h e  c o s m ic  
p e a k  p o s i t i o n  w a s  d e t e r m i n e d  b y  f i t t i n g  a  G a u s s i a n  p e a k  o n  a  l i n e a r  b a c k g r o u n d  a s  
s h o w n  in  F i g u r e  4 .5 . T h e  e n e r g y  o f  t h e  p e a k  p o s i t i o n  in  t h e  c o s m ic  e n e r g y  d e p o ­
s i t i o n  s p e c t r u m  w a s  t a k e n  t o  b e  3 8  M e V . A n  a b s o l u t e  c a l i b r a t i o n  w a s  o b t a i n e d  b y  
a p p l y in g  a  m u l t i p l i c a t i o n  f a c t o r  o f  1 .0 5  t o  t h e  c l u s t e r  e n e r g ie s  t o  s h i f t  t h e  p e a k  o f  t h e  
r e c o n s t r u c t e d  p io n  m a s s  t o  i t s  a c c e p te d  v a lu e  (s e e  s e c t i o n  4 .5 ) .
A  p u l s e r  w a s  u s e d  d u r i n g  t h e  d a t a  r u n s  t o  t r i g g e r  t h e  r e a d - o u t  o f  a l l  e l e m e n ts  
w h e n  n o  e n e r g y  w a s  d e p o s i t e d .  T h i s  w a s  u s e d  t o  m o n i t o r  c h a n g e s  in  t h e  p e d e s t a l s  
d u r i n g  t h e  d a t a  r u n s  a n d  s o m e  w e re  f o u n d  t o  d r i f t  o v e r  a  p e r i o d  o f  s e v e r a l  d a y s  b y  
u p  t o  10 c h a n n e l s .  S u d d e n  j u m p s  o f  t y p i c a l l y  10 c h a n n e l s  w e re  a l s o  s e e n  [72].
T h e  g a in  o f  t h e  T A P S  d e t e c t o r  e l e m e n t s  a l s o  v a r ie d .  T h i s  w a s  m o s t  s e r io u s  in  t h e  
f o r w a r d  w a ll  ( F W ) .  T h e  g a i n  c h a n g e s  in  t h e  e l e m e n t s  in  b lo c k s  A - F  w e re  r a n d o m  a n d  
le s s  t h a n  3 % . T h e  g r e a t e s t  g a i n  c h a n g e s  w e r e  s e e n  in  t h e  e l e m e n t s  in  t h e  F W  c lo s e
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to the beam-line: the gains of those immediately adjacent to the beam-pipe decreased 
by about 10 % during a data-taking period [72]. This change was probably due to 
the factor of 10 higher count rate in those FW elements (~ 80 kHz) compared with 
other detector elements elsewhere in TAPS. At the start of the second data-taking 
period the gains of those elements that had decreased considerably during the first 
data-taking period had returned to their original values. Similar changes in gain were 
seen in the second data-taking period [72].
The pedestal values could be tracked throughout the data-taking runs but the 
gain values could only be determined from the cosmic calibration runs performed 
before and after each data-taking period. Four energy calibration files were produced 
for each of the two data-taking periods with some pedestal values changing for each 
new calibration file. The first and last calibration files used the initial and final gain 
values respectively. An average of the initial and final gain values were used for the 
two calibration files used in the middle of each data-taking period.
4.3.2 Time Calibrations
The translation from TDC channel number to time (in ns) was performed by a col­
league at the University of Giessen using cable delays of varying lengths [109].
Alignment offsets for the TDC’s in TAPS and the tagger were determined and 
changes in the alignment during the data taking runs were identified and suitable new 
offsets were produced.
First, the TDC outputs for the tagger channels were aligned with each other. This 
was performed using the tagging efficiency runs where the photon beam was fired into 
a large Pb-glass detector at a very low intensity (~ 0.07 pA) so that the TDC spectrum 
was dominated by the prompt peak, as described in section 2.3.1. The difference in 
time between the pulses in each tagger channel and the Pb-glass detector were used 
to align the tagger TDC spectra and shift the peak of the distribution to centre on 
0 ns. The tagger TDC is started by the detection of an electron in the tagger detector 
ladder and stopped by the TAPS trigger, so
Tagger TDC =  trigger — electron (4.9)
If all the tagger TDC outputs are aligned with each other, the TAPS TDC spectra 
can be aligned using information from the data-taking runs by examining the differ­
ence between the time signals from each individual TAPS element and the time of the 
OR signal from all the tagger channels. This is because the TAPS TDC is started by 
the TAPS trigger and stopped by the CFD of the TAPS element, so
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F ig u r e  4 .6 : Tagger TD C alignm ent: T h e  s p e c t r u m  o f  t i m e  d i f f e r e n c e  b e tw e e n  t h e  
s ig n a l  f r o m  t h e  t a g g e r  c h a n n e l  a n d  t h e  s ig n a l  f r o m  t h e  P b - g l a s s  d e t e c t o r  f o r  t a g g e r  
c h a n n e l  1 7 5  a f t e r  a l i g n m e n t .  T h e  F W H M  o f  t h e  p e a k  is  2 .0  n s .
T A P S  T D C  =  T A P S  e l e m e n t  — t r i g g e r  (4 -1 0 )
T h u s  a d d i n g  e q u a t i o n s  4 .9  a n d  4 .1 0  g iv e s
T A P S  T D C  +  T a g g e r  T D C  =  T A P S  e l e m e n t  — e l e c t r o n
6 b  (4 .1 1 )
=  A l ig n m e n t  o f f s e t
F o r  e a c h  t a g g i n g  e f f ic ie n c y  m e a s u r e m e n t ,  a  G a u s s i a n  p e a k  w a s  f i t t e d  t o  e a c h  t a g ­
g e r  c h a n n e l  T D C  s p e c t r u m  ( t h e r e  w e r e  2 8 4  s u c h  s p e c t r a  f o r  e a c h  t a g g i n g  e f f ic ie n c y  
m e a s u r e m e n t  s in c e  2 8 4  o f  t h e  a v a i l a b le  t a g g e r  c h a n n e l s  w e r e  u s e d  in  t h i s  e x p e r i m e n t ) .  
T h e  f i t t e d  p e a k  p o s i t i o n s  w e re  u s e d  t o  c o r r e c t  t h e  t a g g e r  c h a n n e l  o f f s e ts .  A n  e x a m ­
p le  o f  a  t i m e  d i f f e r e n c e  s p e c t r u m  f o r  a  s in g le  t a g g e r  T D C  a f t e r  a l i g n m e n t  is  g iv e n  in  
F ig u r e  4 .6 .
T o  c a r r y  o u t  t h e  T A P S  T D C  a l i g n m e n t ,  f o r  e a c h  T A P S  e l e m e n t  a  G a u s s i a n  p e a k  
w a s  f i t t e d  t o  t h e  s p e c t r u m  o f  d i f f e r e n c e  in  t i m e  b e tw e e n  t h e  s ig n a l  f r o m  t h a t  e l e m e n t  
a n d  t h e  O R  s ig n a l  f r o m  a l l  t h e  ( a l i g n e d )  t a g g e r  c h a n n e l s  ( a  t y p i c a l  t i m e  d i f f e r e n c e  
d i s t r i b u t i o n  a f t e r  a l i g n m e n t  is  g iv e n  in  F ig u r e  4 .7 ) .  A g a in ,  t h e  f i t t e d  p e a k  p o s i t i o n  
w a s  u s e d  t o  c o r r e c t  t h e  o f fs e t .  T h e  T A P S  T D C  a l i g n m e n t  w a s  r e p e a t e d  a  n u m b e r  o f  
t im e s  u n t i l  a l l  t h e  t i m e  s p e c t r a  h a d  p e a k s  c e n t r e d  o n  0  n s .
A l ig n m e n t s  w e re  c h e c k e d  f o r  a l l  t h e  t a g g i n g  e f f ic ie n c y  m e a s u r e m e n t s  a n d  f o r  a l l  
t h e  e x p e r i m e n t a l  d a t a .  T h e  s p e c t r a  f o r  b o t h  t h e  t a g g e r  a n d  f o r  T A P S  s h o w e d  b o t h
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Figure 4.7: TAPS TD C alignm ent: A typical spectrum of the distribution of the 
difference in time between the signal from an individual TAPS element and the OR 
signal from all tagger channels after alignment (FWHM=2.6 ns).
gradual changes in peak positions and sudden jumps of up to several ns during the 
data-taking periods. As a result three time calibration files were made for the tagger 
and twelve calibration files were made for TAPS to account for these changes.
The time peaks in the TAPS TDC spectra are broadened to some extent by the 
charged particles present in addition to photons amongst the detected particles. The 
time alignment for TAPS was therefore repeated following the pulse shape analysis 
(see section 4.4.1), to get more accurate alignment values for photons following the 
exclusion of mesons and baryons. This second time alignment required corrections of 
typically less than 1 % of the alignment value.
4.4 Identification of Photons
When a photon is incident on a TAPS detector module, an electromagnetic shower 
is formed and this often propagates through several detector modules. As in previ­
ous TAPS experiment analyses, modules that fired simultaneously were grouped into 
clusters [71,110]. A cluster consists of a central element (the module with the greatest 
energy deposition) and neighbours (the remaining cluster members) which must share 
a common boundary with another cluster member. A cluster was only accepted by 
the analysis if the total energy deposited in its members was greater than 15 MeV 
and the central element had a minimum of 10 MeV deposited in it. The threshold 
for the cluster and that for its central element were set to discard low energy pho­
tons produced in the target by other processes, e.g. atomic processes in the target.
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F ig u r e  4 .8 : Effect of edge detectors as cen tral cluster elem ents on the  pion 
mass ( [2C  data): T h e  b la c k  p l o t  is  t h e  p io n  m a s s  f o r  t h e  c a s e  w h e r e  a l l  T A P S  
d e t e c t o r  e l e m e n t s  a r e  a l lo w e d  t o  b e  a  c e n t r a l  c l u s t e r  e l e m e n t  a n d  t h e  r e d  is  f o r  t h e  
c a s e  w h e r e  o n ly  n o n - e d g e  d e t e c t o r s  a r e  a l lo w e d  t o  b e  a  c e n t r a l  c l u s t e r  e l e m e n t .  T h e  
p l o t  in  g r e e n  is  t h e  w o r s t  c a s e  s c e n a r io  w h e r e  b o t h  p io n  d e c a y  p h o t o n s  p r o d u c e d  a  
c l u s t e r  w h o s e  c e n t r a l  e l e m e n t  w a s  a n  e d g e  d e t e c t o r ,  t h e  b lu e  p l o t  is  t h e  i n t e r m e d i a t e  
c a s e  w h e r e  o n e  p h o t o n  p r o d u c e d  a  c l u s t e r  c e n t r e d  o n  a n  e d g e  d e t e c t o r  a n d  t h e  o t h e r  
p r o d u c e d  a  c l u s t e r  c e n t r e d  o n  a  n o n - e d g e  d e t e c t o r .
T h e  t h r e s h o l d  f o r  t h e  n e i g h b o u r i n g  e l e m e n ts  w a s  k e p t  lo w , a t  t h e  1 M e V  h a r d w a r e  
t h r e s h o l d  o f  t h e  C F D s  (se e  s e c t io n  2 .7 .2 ) ,  f o r  a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  c l u s t e r  
e n e rg y .
D e t e c t o r  m o d u le s  l o c a t e d  a t  t h e  e d g e  o f  a  T A P S  b lo c k  ( e d g e  d e t e c t o r s )  w e r e  n o t  
u s e d  a s  c e n t r a l  e l e m e n t s  b u t  c o u ld  b e  n e i g h b o u r  e l e m e n t s  in  c l u s t e r s .  T h i s  im p r o v e d  
t h e  e n e r g y  r e s o l u t i o n  b e c a u s e  in  m o s t  c a s e s  a  s ig n i f i c a n t  p a r t  o f  t h e  s h o w e r  s p r e a d s  t o  
n e i g h b o u r i n g  e l e m e n ts  so  n o t  a l l  t h e  p h o t o n  e n e r g y  w ill  b e  d e t e c t e d  i f  t h e  n e i g h b o u r i n g  
e l e m e n ts  a r e  m is s in g .  T h i s  is  c l e a r ly  d e m o n s t r a t e d  in  F i g u r e  4 .8  w h ic h  s h o w s  t h e  e f f e c t  
o n  t h e  r e c o n s t r u c t e d  p io n  m a s s  s p e c t r u m  o f  d i f f e r e n t  c l u s t e r  c o n d i t i o n s  f o r  t h e  l2C  
d a t a .  T h e  s p e c t r u m  in  b la c k  is  t h e  r e c o n s t r u c t e d  p io n  m a s s  (s e e  s e c t i o n  4 .5 )  w h e r e  
a l l  T A P S  d e t e c t o r  m o d u le s  c a n  b e  a  c e n t r a l  c l u s t e r  e l e m e n t .  T h e  s p e c t r u m  in  r e d
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is the pion mass where only non-edge detectors can be the central element. Edge 
detectors constitute 44 % of TAPS so preventing these detectors from being central 
cluster elements reduced the number of accepted events by ~  70 % but significantly 
improved the energy resolution (the FWHM of pion mass peak reduced from 21.1 MeV 
to 14.0 MeV). The plot in green is the worst case scenario where both pion decay 
photons produced a cluster whose central element was an edge detector, the blue 
plot is the intermediate case where one photon produced a cluster centred on an 
edge detector and the other produced a cluster centred on a non-edge detector. The 
position resolution is also better for the retained events [72].
The clusters formed in TAPS do not all result from interactions of decay photons 
from a 7r°, e.g. protons and neutrons can be knocked out of the target and hit TAPS. 
The identification and discrimination of neutral and charged particles can be achieved 
using the intrinsic properties of BaF2 in combination with a fast plastic scintillator. 
The short decay time and high light output of BaF2 allow time resolutions better than 
cr =  85 ps even for the large TAPS modules [101]. Therefore, particle identification 
can be performed based on a time-of-flight (TOF) technique.
The shape of the BaF2 scintillation pulse is extremely sensitive to the nature of 
the impinging particle [101] and so pulse-shape analysis can be used to exclude mesons 
and baryons.
4.4.1 Pulse-Shape Analysis
As discussed in section 2.4, the scintillation output from BaF2 consists of a fast 
component which makes up about 15 % of the total light output and a slow component 
which makes up the remainder. The relative contribution of the fast BaF2 scintillation 
component to the total light output is smaller for particles with high rates of energy 
loss. As described in section 2.7.2, each TAPS element output was fed into two QDC’s, 
one with a narrow (50 ns) gate and one with a wide (2 /xs) gate. A plot of the narrow 
gate versus the wide gate QDC output is effectively a plot of the fast component 
versus the slow component and Figure 4.9 illustrates the typical TAPS response. The 
lower ridge is the response to protons and neutrons which could be removed with a 
cut on this spectrum. The upper ridge contains the response from photons but will 
be contaminated with pions which produce a ridge lying between the photons and 
protons. A better separation of particles can be obtained by the more sophisticated 
PSA described below.
Each event in the plot of narrow gate energy versus wide gate energy can be 
described by polar coordinates as illustrated in Figure 4.9, where:
a — arctan(£gft™ ) (4-12)
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F i g u r e  4 .9 : Pulse Shape Analysis: P l o t  o f  t h e  n a r r o w  g a t e  e n e r g y  v e r s u s  t h e  w id e  
g a t e  e n e r g y . [ F ig u r e  c o u r t e s y  o f  [72]]
r  — yj Harrow +  Ewide ( 4 .1 3 )
T h e  e n e r g y  c a l i b r a t i o n s  p e r f o r m e d  f o r  t h e  w id e  a n d  n a r r o w  g a t e s  a s  d e s c r ib e d  
in  s e c t i o n  4 .3 .1  r e s u l t  in  a  «  4 5 °  f o r  p h o t o n s  a n d  e l e c t r o n s .  H e a v ie r  p a r t i c l e s  h a v e  
s m a l l e r  v a lu e s  o f  a. T h i s  d i f f e r e n c e  w a s  u s e d  t o  s e p a r a t e  l i g h t  a n d  h e a v y  p a r t i c l e s .  
F o r  e a c h  T A P S  d e t e c t o r  e l e m e n t  a  p l o t  o f  r  v e r s u s  a  w a s  p r o d u c e d ,  a  t y p i c a l  e x a m p le  
is  g iv e n  in  F ig u r e  4 .1 0 .  T h e  p h o t o n s  f o r m  a  r id g e  a t  a  «  4 5 °  a n d  p r o t o n s  a p p e a r  in  a  
b a n a n a  s h a p e  a t  lo w e r  cr. C h a r g e d  p io n s  a r e  v i s ib le  b e tw e e n  t h e  p h o t o n  a n d  p r o t o n  
r id g e s .
T h e  ( a ,  r )  p l o t  w a s  s l i c e d  i n t o  tw e lv e  b in s  o f  r a n d  p r o j e c t e d  o n to  t h e  a - a x i s  a s  
i l l u s t r a t e d  in  F ig u r e  4 .1 1 .  E a c h  p r o j e c t i o n  w a s  f i t t e d  w i t h  a  G a u s s i a n  a r o u n d  t h e  
p h o t o n  p e a k  a t  a  «  4 5 ° . A  c u t ,  d e f in e d  a s  t h e  d i s t a n c e  3cr b e lo w  t h e  p e a k  v a lu e  
( w h e r e  a  is  t h e  w i d t h  o f  t h e  f i t t e d  G a u s s i a n ) ,  w a s  a p p l i e d  in  e a c h  e l e m e n t  b in  t o  
r e m o v e  h e a v y  p a r t i c l e s  f r o m  t h e  a n a ly s i s .  E v e n t s  t o  t h e  le f t  o f  t h e  c u t  w e re  d i s c a r d e d .  
T h e  c u t  is  s h o w n  b y  t h e  w h i t e  d a s h e d  l in e  in  F i g u r e  4 .1 0 .
T h e  p h o t o n  r id g e ,  c l e a r ly  v is ib le  t o  t h e  r i g h t  o f  t h e  w h i t e  d a s h e d  l in e  in  F i g u r e  
4 .1 0 ,  w a s  f o u n d  t o  b e n d  t o w a r d s  lo w  a  a t  lo w  r  v a lu e s .  T h i s  w a s  p r o b a b l y  b e c a u s e  
t h e  p e d e s t a l s  o f  t h e  n a r r o w  g a t e  e n e r g y  s p e c t r a  w e re  o v e r e s t i m a t e d .  T h e  p h o t o n  r id g e  
w a s  a l s o  f o u n d  t o  b e n d  to w a r d s  e i t h e r  lo w e r  o r  h i g h e r  a  a t  h ig h  v a lu e s  o f  r ,  d e p e n d i n g  
o n  w h e t h e r  t h e  n a r r o w  o r  w id e  g a t e  s ig n a l  s a t u r a t e d  a t  t h e  lo w e r  c h a n n e l  n u m b e r  [72]. 
T h u s  P S A  w a s  o n ly  u s e d  fo r  p a r t i c l e s  w i t h  e n e r g ie s  b e tw e e n  10  a n d  1 5 0  M e V  in  o r d e r
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F i g u r e  4.10: PSA  rad ius versus PSA  angle for one TAPS elem ent: P h o t o n s ,  
p io n s ,  a n d  p r o t o n s  h a v e  c l e a r ly  id e n t i f i a b l e  r e g io n s .  T h e  c u t  s h o w n  b y  t h e  w h i t e  
d a s h e d  l in e  w a s  u s e d  f o r  p a r t i c l e s  w i t h  e n e r g ie s  b e tw e e n  10 a n d  150 M e V . [ F ig u r e  
c o u r t e s y  o f  [72]]
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F ig u r e  4 .1 1 : PSA  ( o ,  r )  plot sliced into twelve bins of r and pro jected  onto 
the  a-axis: P l o t s  a r e  in  b in s  o f  i n c r e a s i n g  r .  P l o t s  a r e  in  b in s  o f  in c r e a s i n g  r .  T h e  r  
b in s  r a n g e  f r o m  0 -1 0  M e V  in  t h e  t o p  le f t  h a n d  p l o t  t o  2 3 7 .5 -3 8 0  M e V  in  t h e  b o t t o m  
r i g h t .  F o r  lo w  v a lu e s  o f  r ,  p a r t i c l e s  c a n n o t  b e  id e n t i f ie d :  f o r  i n t e r m e d i a t e  v a lu e s  o f  
r ,  p a r t i c l e s  c a n  b e  s e p a r a t e d  i n t o  ( p h o t o n s  a n d  e l e c t r o n s ) ,  ( p io n s )  a n d  ( p r o t o n s ) .  F o r  
h ig h  v a lu e s  o f  r ,  t h e  s e p a r a t i o n  b e t w e e n  p h o t o n s  a n d  e l e c t r o n s ,  a n d  h e a v ie r  p a r t i c l e s  
is  p o s s ib le  f o r  s o m e  T A P S  e l e m e n ts  ( l ik e  t h e  o n e  s h o w n )  b u t  n o t  a l l .  T h e  v e r t i c a l  
l in e s  u n d e r  e a c h  s p e c t r u m  m a r k  t h e  f i t t e d  p e a k  p o s i t i o n  ( r i g h t - h a n d  l in e )  a n d  t h e  3<r 
c u t - o f f  ( l e f t - h a n d  l in e ) .  [ F ig u r e  c o u r t e s y  o f  [72]]
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F ig u r e  4 .1 2 : Veto detecto r p a tte rn  for blocks A-F: A  s y s t e m a t i c  t r e n d  is  s e e n  
in  g r o u p s  o f  8 d e t e c t o r s  a n d  f ro m  t h e  t o p  o f  a  b lo c k  d o w n  t o  t h e  b o t t o m  (s e e  t e x t ) .
to  a v o id  t h e  r e g io n s  w h e r e  t h e  p h o t o n  r id g e  m a y  b e n d .  N o  P S A  w a s  c a r r i e d  o u t  o n  
p a r t i c l e s  o u t s i d e  t h i s  r e g io n  a s  s e p a r a t i o n  c o u ld  n o t  b e  p e r f o r m e d  r e l i a b ly .
4.4 .2  V eto D etectors
A s  d e s c r ib e d  in  s e c t i o n  2 .4 , e a c h  T A P S  e l e m e n t  is  p r o v id e d  w i t h  a  5 m m  t h i c k  p l a s t i c  
s c i n t i l l a t o r  v e to  d e t e c t o r  o f  i d e n t i c a l  g r a n u l a r i t y  m o u n t e d  in  f r o n t  o f  t h e  BaF 2 c r y s t a l  
fo r  o n - l in e  c h a r g e d  p a r t i c l e  d i s c r i m i n a t i o n .  T h e  o u t p u t  f r o m  a  v e to  d e t e c t o r  w a s  fe d  
i n to  a n  L E D  (s e e  s e c t i o n  2 .7 .2 )  a n d  t h e  o u t p u t s  f r o m  a l l  t h e  v e to  L E D ’s a r e  r e a d  o u t  
b y  a  p a t t e r n  u n i t .  T h e r e f o r e  t h e r e  w a s  n o  i n f o r m a t i o n  a b o u t  t h e  e n e r g y  d e p o s i t i o n  
in  t h e s e  d e t e c t o r s .  T h e  t h r e s h o l d  f o r  e a c h  v e to  s h o u ld  b e  s e t  a t  t h e  s a m e  e n e r g y  t o  
e n s u r e  a  c o n s t a n t  e f f ic ie n c y  f o r  id e n t i f y in g  c h a r g e d  p a r t i c l e s  f o r  a l l  t h e  v e to  d e t e c t o r s .  
C o l le a g u e s  f r o m  G ie s s e n  a t t e m p t e d  t h i s  w i t h  r a d i o a c t i v e  s o u r c e s  [109].
T h e  v e to  p a t t e r n  s p e c t r a  f o r  t h e  160  a n d  208Pb d a t a  a r e  s h o w n  in  F ig u r e s  4 .1 2  a n d  
4 .1 3 .  T h e  v e to  d e t e c t o r s  w e re  n u m b e r e d  f r o m  1 t o  5 2 2  w i th  n u m b e r s  1 -6 4  m o u n t e d  
o n  b lo c k  A , 6 5 -1 2 8  o n  b lo c k  B , a n d  s im i l a r ly  f o r  b lo c k s  C  t o  F .  T h e  v e to  d e t e c t o r s  
n u m b e r e d  3 8 5 -5 2 2  w e re  m o u n t e d  o n  t h e  F W .  T h e  s p e c t r a  f o r  b o t h  t a r g e t s  s h o w  t h a t  
t h e  h ig h e s t  n u m b e r  o f  c o u n t s  a r e  in  t h e  v e to  d e t e c t o r s  m o u n t e d  o n  t h e  F W  a n d  o n  
b lo c k s  C  a n d  D  s in c e  t h e  d i s t r i b u t i o n  o f  t h e  c h a r g e d  p a r t i c l e s  is  f o r w a r d  p e a k e d .  T h e r e  
is  a  s y s t e m a t i c  v a r i a t i o n  in  t h e  n u m b e r  o f  c o u n t s  e v e r y  8 d e t e c t o r s .  T h i s  is  b e c a u s e  
t h e  v e to  d e t e c t o r s  w e re  n u m b e r e d  in  h o r i z o n t a l  r o w s  o f  8 s u c h  t h a t  a  ro w  c o n s i s t e d  
o f  d e t e c t o r s  n u m b e r e d  1 -8 , 9 -1 6  e tc .  F o r  a n y  g iv e n  ro w  o n e  e n d  is  a t  a  m o r e  f o r w a r d
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F i g u r e  4 .1 3 : Veto de tec to r p a tte rn  for the  FW : T h e  n u m b e r i n g  s y s t e m  is  n o t  
s t r a i g h t f o r w a r d  fo r  t h i s  b lo c k  b u t  g e n e r a l l y  t h o s e  d e t e c t o r s  w i t h  a  h ig h  n u m b e r  o f  
c o u n t s  a r e  th o s e  l o c a t e d  in  t h e  c e n t r e .
a n g le  t h a n  t h e  o t h e r .  T h e r e  is  a l s o  a  s y s t e m a t i c  t r e n d  in  c o u n t s  f r o m  t h e  t o p  ro w  o f  
a  b lo c k  t o  t h e  b o t t o m  ro w : t h e  n u m b e r  o f  c o u n t s  i n c r e a s e  a n d  t h e n  d e c r e a s e  a g a in .  
T h i s  is  b e c a u s e  t h e  t o p  a n d  b o t t o m  ro w s  a r e  f u r t h e r  f r o m  t h e  t a r g e t  t h a n  th o s e  in  
t h e  m id d l e  a n d  t h e r e f o r e  c o v e r  a  s m a l l e r  s o l id  a n g le .  T h e  n u m b e r i n g  s y s t e m  fo r  t h e  
v e to  d e t e c t o r s  in  t h e  F W  is  n o t  s t r a i g h t f o r w a r d  b u t  g e n e r a l l y  t h e  d e t e c t o r s  w i th  t h e  
h ig h  n u m b e r  o f  c o u n t s  w e r e  t h o s e  in  t h e  c e n t r e  o f  t h e  b lo c k .
S o m e  v e to  d e t e c t o r s  d i d  n o t  g iv e  a n y  s ig n a l s .  T h e s e  w e re  e x c lu s iv e ly  m o u n t e d  o n  
t h e  T A P S  d e t e c t o r s  in  t h e  e d g e s  o f  d e t e c t o r  a s s e m b l ie s  [72]. F a u l t y  e l e c t r o n i c  m o d u le s  
a n d  c a b l in g  r e s u l t e d  in  s o m e  v e to  d e t e c t o r s  w i t h  v e r y  h ig h  c o u n t  r a t e s .  T h e s e  w e re  
a l s o  a l l  l o c a t e d  in  t h e  e d g e s  o f  d e t e c t o r  a s s e m b l ie s .
T h e  u s e  o f  t h e  v e t o  d e t e c t o r s  in  t h e  e x p e r i m e n t  p r e s e n t e d  h e r e  is  d i s c u s s e d  in  
s e c t i o n  4 .7 .1 .
4.5 Photon Energy Correction
I f  tw o  p h o t o n s  d e t e c t e d  in  T A P S  a r e  p r o d u c e d  in  t h e  t a r g e t  b y  t h e  d e c a y  o f  a  n e u t r a l  
m e s o n ,  t h e  m a s s  o f  t h a t  m e s o n  c a n  b e  o b t a i n e d  f r o m  t h e  e n e r g ie s ,  E \  a n d  E 2 o f  t h e  
p h o t o n s  a n d  t h e  o p e n i n g  a n g le ,  T ,  b e tw e e n  t h e m  (se e  A p p e n d i x  4 .4 )  b y :
WlmesonC =  ^ 2 E l E 2(l -  c o s  T )  (4 .1 4 )
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Table 4.1: V ariation of th e  pion mass peak  position  w ith  pion decay photon  
energy._________________________________________________________________
Reconstructed Pion Mass Peak Position [MeV]
Ei [MeV]
20 40 60 80
E2 [MeV]
100 | 120 140 160 180 200
200 131.0 131.6 129.1 128.9 129.9 130.8 131.3 131.9 133.1 135.8
Many simultaneous hits of photons were registered in the experiment and those com­
binations that originate from pion decay must be identified. Thus for every photon 
pair combination the mass given by equation 4.14 is calculated and a spectrum is pro­
duced. Pions are selected by accepting values of mass within an appropriate window. 
The resolution of the mass peak depends on the angular and energy resolution of the 
spectrometer:
The resolution of the pion mass peak was improved by not allowing edge detectors 
to be central cluster elements as discussed in section 4.4. In the present measurement, 
the mass resolution is principally determined by the energy resolution of the detector 
except for photon pairs with small opening angles from pions with total energy above 
~  250 MeV. However, the mass resolution did not vary rapidly with pion energy or 
photon opening angle and the overall value was ~  16 MeV FWHM.
The mass of the pion is known to be 134.98 MeV [77]. Therefore the pion mass 
obtained using all pairs of photons whose clusters met the cluster conditions should 
peak at 134.98 MeV. However, as the energy calibration carried out using cosmic rays 
was only a ’relative’ calibration, an additional correction to the cluster energies was 
required to obtain the peak in the correct position.
Since light collection and shower collection effects in the TAPS detectors are known 
to depend on the photon energy (see section 3.3), an energy dependent correction 
for the cluster energies was looked for. Therefore, mass spectra were produced for 
various combinations of decay photon energies and examples are shown in Figure 4.14. 
The peak position, m0bs, was determined for each decay photon energy combination 
spectrum. The values of ra0&s obtained varied from 129.0 MeV to 135.8 MeV and a 
sample of the results are given in Table 4.1. The TAPS trigger was set such that 
the two pion decay photons had to be detected in different TAPS blocks (see section 
2.7.2). The large values of m 0bS occurred at combinations of decay photon energies 
corresponding to opening angles of ~  69° where the photons would be detected in 
neighbouring blocks. As is clear from equation 4.14, the pion mass is affected by the 
reconstructed opening angle as well as the two photon energies and this observation 
indicated that the angular affect was not negligible. Pion mass spectra were produced
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F ig u r e  4 .1 4 : Effect of the  pion decay photon  energy on the  reconstructed  
pion mass: p io n  m a s s  s p e c t r a  u s in g  d e c a y  p h o t o n s  w i t h  e n e r g ie s  E x a n d  E 2 a s  
fo llo w s  - ( a )  70  <  E x <  9 0  M e V  a n d  5 0  <  E 2 <  7 0  M e V ; (b )  1 9 0  < E x < 2 1 0  M e V  
a n d  5 0  <  E 2 < 7 0  M e V .
T a b le  4 .2 : V ariation of pion mass peak position w ith  block com binations.
Block
m obs [ M e V ]
B C FW D E F
A 1 3 1 .1 1 3 1 .0 1 3 1 .2 1 3 1 .9 1 3 1 .7 1 3 1 .1
B 1 3 1 .1 1 3 1 .1 1 3 1 .6 1 3 2 .1 1 3 1 .7
C 1 2 8 .7 1 3 1 .0 1 3 1 .8 1 3 1 .9
FW 1 2 8 .6 1 3 1 .9 1 3 1 .0
D 1 3 2 .7 1 3 1 .7
E 1 3 1 .0
f o r  e a c h  p o s s ib le  c o m b i n a t i o n  o f  T A P S  b lo c k s .  A g a in ,  f o r  e a c h  s p e c t r u m  t h e  v a lu e  
o f  m 0bS w a s  o b t a i n e d  a n d  i t  w a s  f o u n d  t o  d e p e n d  o n  h o w  f a r  a p a r t  t h e  b lo c k s  w e re .  
T h e  r e s u l t s  a r e  g iv e n  in  T a b l e  4 .2 ,  n e i g h b o u r i n g  b lo c k  c o m b i n a t i o n s  a r e  h i g h l i g h t e d  
in  r e d .  T h e  s p e c t r a  f o r  b lo c k  C  w i t h  t h e  f o r w a r d  w a l l  a n d  b lo c k  D  w i t h  t h e  f o r w a r d  
w a ll  h a d  p a r t i c u l a r l y  lo w  v a lu e s  o f  m obs- T h i s  c o u ld  b e  b e c a u s e  o n  a v e r a g e  th e s e  b lo c k  
c o m b in a t io n s  s e e  p h o t o n s  w i t h  h i g h e r  e n e r g ie s  t h a n  o t h e r  c o m b i n a t i o n s  a n d  t h e r e f o r e  
i t  is  a  p h o t o n  e n e r g y  e f f e c t  ( o n ly  h ig h  e n e r g y  p io n s  g iv e  a  s m a l l  e n o u g h  o p e n i n g  a n g le  
f o r  t h e  d e c a y  p h o t o n s  t o  b e  d e t e c t e d  in  n e i g h b o u r i n g  b lo c k s ,  A p p e n d i x  A .2 .2 , a n d  t h e n  
t h e  d e c a y  w ill  b e  s y m m e t r i c  s u c h  t h a t  b o t h  p h o t o n s  h a v e  s im i l a r  e n e r g ie s ) .  H o w e v e r ,  
n o  a c c e p t a b l e  e n e r g y  d e p e n d e n t  c o r r e c t i o n  c o u ld  b e  f o u n d .  T h e r e f o r e ,  a  c o r r e c t io n  o f  
5 % w a s  a p p l i e d  t o  in c r e a s e  t h e  p h o t o n  e n e r g ie s  a n d  m o v e  t h e  p io n  m a s s ,  t a k i n g  a l l  
c o m b in a t io n s  o f  p h o t o n  e n e rg y , b lo c k  e t c . ,  t o  ~  1 3 5  M e V . T h e  p o s s ib le  e f fe c t  d u e  t o
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the reconstruction of the decay photon opening angle is discussed in the next section.
4.6 Position Reconstruction
TAPS is a modular setup chosen to obtain good energy resolution together with good 
angular resolution. The best energy resolution is obtained by summing all modules 
that contain parts of the electromagnetic shower. A position resolution better than 
the size of the detectors can be obtained by calculating the weighted centre of gravity 
of the electromagnetic shower, which at the energies used in the present experiment 
is not confined to a single BaF2 module.
The algorithm used recently to reconstruct the entry position, (x , y), of a photon on 
the surface of a TAPS block was a centre of gravity algorithm but with a logarithmic 
weight [114]. The reconstructed x position of the photon, X caic, is expressed as a 
weighted sum of the x  positions of the cluster elements, Xi, (with similar expressions 
for PcaZc)'
(4.16)
E  i Wi
with:
(E iWi =  max
JT ■
where the energy deposited in each cluster element, Ei, is summed to obtain Et , 
the total energy of the cluster. The parameter W  is a dimensionless free parameter, 
that influences the position resolution and essentially decides the minimum energy 
deposit used in the reconstruction. It has usually been set so that the threshold 
used in the calculation matched the detector hardware threshold. The logarithmic 
weights Wi are introduced in order to suppress the weight of the central module and 
to enhance the weight of the surrounding modules and hence reduce the "pull" towards 
the centre of the central module. This method has been compared favourably with 
simulations [107].
All the reconstruction methods give an estimate of the (x , y) coordinates of the 
centre of the electromagnetic shower which occurs at a distance d from the front face 
of the TAPS block and increases with photon energy as given in equation 4.18 [115].
d = 2.05 cm flog ^  +  1.2 cm (4.18)V 12 MeV J
For photons that do not hit the surface of a TAPS block at normal incidence,
i.e. oblique incidence, a correction must be made to (A"ca/c, Ycaic) to obtain the en­
try position on the surface of the TAPS block. The corrected position coordinates,
R. S a n d e r s o n P h D  T h e s i s O c t o b e r  2 0 0 2
CHAPTER 4. DATA ANALYSIS 85
{X corr,Y corr), are obtained through equation 4.19.
Xcorr = Xcaic ( 1 ---- 7----------------- --------- ] (4-19)
V V/2 +  X c*lc + Yh c  + dJ
where I is the distance from the target to the centre of the front face of the TAPS 
block. The expression for Ycorr is similar.
4.6.1 Investigation of M ethods to Improve Position Recon­
struction
The separation of coherent and incoherent 7r° photoproduction processes requires as 
good a position resolution as possible and so a colleague investigated methods of 
improving the position reconstruction [72].
A number of different position reconstruction algorithms were investigated. All 
used the centre of gravity algorithm but used different expressions for the weight, Wi. 
The simplest weight is a linear weight given by:
=  TT  (4.20)
J h rp
This tends to "pull” the reconstructed position towards the centre of the central 
module as large weights are given to elements with large energy deposition.
The logarithmic method was described in the previous section and, as discussed, 
was introduced to reduce the "pull" towards the centre of the central module. The 
lower the value of W, the lower the minimum energy deposit used in the reconstruction 
and thus potentially more members of a cluster will contribute. Values of W  of 3.5 
and 8.0 were investigated along with 5.0 which is the value that has been used in the 
past [70,110].
New methods of position reconstruction were proposed and investigated. One such 
method was the “power” method, where the energy depositions were weighted with a 
power function:
=  ( J r )  (4.21)
Values of P  from 0.1 to 0.9 were chosen to give elements with small energy depositions 
relatively large weights compared with the linear method, again to suppress the "pull" 
towards the centre of the central module.
Another method ignored the central cluster member and used only the ring of 6 
elements around it - the “frac6” method The y position is reconstructed as:
ycaicfrac6 =  Cy1 (F2 +  0.5 (Fi +  F3)) +  2/1 (4.22)
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Figure 4.15: Numbering used in the frac6 reconstruction method. [Figure 
courtesy of [72]]
where
/  (E6 +  E7 +  E2) -  (E3 +  EA +  E5) \  . .
Fl =  I  E U E i  J  (4'23)
_  f  (E7 +  E2 +  E3) -  (Ea +  E5 +  E e)\
F2 =  (  E U E i ------------------ )  (4'24)
/  (E2 +  Ez +  £ 4) -  (£5 +  ^6 +  E7) \
Fa =  I  E U E i  J (4'25)
The y position of the central element is 2/1, cyi is a constant, and the factor of 0.5 comes 
from projecting the unit vectors along the non-vertical axes of symmetry onto the 
vertical (y) direction. The parameter Ei is the energy deposition in detector element 
i (see Figure 4.15 for the numbering of the elements for this position algorithm). 
Further details on these reconstruction algorithms are given in [72].
For these methods to be tested, a series of simulations were performed using 
GEANT v3.21 [100] where photons of various energies were fired into a single ele­
ment in a TAPS block. For each energy, a number of different points of entry were 
simulated both for direct and oblique incidence. The reconstruction algorithm was 
performed on the resulting simulated data and then the calculated position could be 
compared with the known position.
The distribution of reconstructed positions for the different methods is shown in 
Figure 4.16(a) for 100 MeV photons incident normally at the centre of a TAPS element. 
The average reconstructed position for various entry points is shown in Figure 4.16(b). 
The linear method and the logarithmic method with small values of W  reconstruct 
the entry points of photons incident at the centre and at the edge of the element 
correctly but tend to "pull" the entry point towards the centre for those incident at 
positions in between. This is because the element with the greatest energy deposition
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Position Reconstruction algorithms
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F ig u r e  4 .1 6 : Com parison of position reconstruction  algorithm s using sim u­
lated data: ( a )  D i s t r i b u t i o n  o f  r e c o n s t r u c t e d  p o s i t i o n s  f o r  1 0 0  M e V  p h o t o n s  i n c id e n t  
n o r m a l ly  o n  t h e  c e n t r e  o f  a  T A P S  e l e m e n t  - t h e  e d g e s  o f  t h e  e l e m e n t  a r e  a t  5 8  a n d  
6 5  c m . (b )  T h e  a v e r a g e  r e c o n s t r u c t e d  p o s i t i o n  v e r s u s  s i m u l a t e d  e n t r y  p o s i t i o n  - t h e  
c e n t r e  o f  t h e  e l e m e n t  is  a t  4 5 5  m m  a n d  t h e  v e r t i c a l  e d g e  is  a t  4 8 5  m m . [ F ig u r e s  
c o u r t e s y  o f  [72]]
is  a s s ig n e d  a  v e r y  la r g e  w e ig h t  c o m p a r e d  w i t h  e l e m e n t s  w i th  s m a l l e r  v a lu e s  o f  e n e r g y  
d e p o s i t i o n .  T h e  p o w e r  m e t h o d  w i t h  h ig h  v a lu e s  o f  P  g iv e  r e s u l t s  s i m i l a r  t o  t h o s e  f r o m  
th e  l i n e a r  m e t h o d .
T h e  f r a c t i o n a l  m e t h o d s  a n d  t h e  p o w e r  m e t h o d s  w i t h  lo w  v a lu e s  o f  P ,  a v e r a g e d  
o v e r  m a n y  e v e n ts ,  t e n d  t o  r e c o n s t r u c t  t h e  t r u e  p o s i t i o n  o n  a v e r a g e ,  b u t  h a d  a  la r g e  
u n c e r t a in t y .
T h e  p o s i t i o n  r e c o n s t r u c t i o n  a l g o r i t h m s  w e re  i n v e s t i g a t e d  f u r t h e r  w i th  r e a l  d a t a  
b y  c o m p a r in g  t h e  p io n  m a s s  d i s t r i b u t i o n s  r e s u l t i n g  f r o m  e a c h .  T h e  p o w e r  a n d  l i n e a r  
m e t h o d s  p r o d u c e d  c o n s id e r a b l y  w o rs e  p io n  r e c o n s t r u c t e d  m a s s  r e s o lu t io n  t h a n  t h e  
l o g a r i t h m i c  m e t h o d s  a n d  so  w e re  d i s c a r d e d .  O f  t h e  r e m a i n i n g  l o g a r i t h m i c  m e t h o d s ,  
s e t t i n g  W  =  3 .5  p r o d u c e d  a  s l i g h t ly  b e t t e r  p io n  m a s s  r e s o lu t io n  [72]. M o d i f y in g  t h e  
r e c o n s t r u c t i o n  p r o c e s s  t o  o n ly  u s e  t h e  c e n t r a l  c l u s t e r  e l e m e n t  a n d  i t s  6 n e i g h b o u r s  
r e s u l t e d  in  im p r o v e m e n t  in  t h e  p io n  m a s s  r e s o lu t io n .  T h e  l o g a r i t h m i c  m e t h o d  w i th  
W  = 5 .0  w h e n  u s e d  w i t h  t h i s  m o d i f i c a t i o n  p r o v id e d  t h e  b e s t  r e s o l u t i o n  a n d ,  th e r e f o r e ,  
t h i s  m e t h o d  w a s  u s e d  in  t h e  a n a ly s i s .
4.6 .2  C orrection to  the R econ stru cted  x  and y P osition s
A s  d is c u s s e d  in  s e c t io n  4 .5 ,  b e c a u s e  t h e  e n e r g y  c a l i b r a t i o n  c a r r i e d  o u t  u s in g  c o s m ic  r a y  
m e a s u r e m e n t s  w a s  o n ly  a  r e l a t i v e  c a l i b r a t i o n  (s e e  s e c t i o n  4 .3 .1 ) ,  a t t e m p t s  w e re  m a d e
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F ig u r e  4 .1 7 : Pion mass energy calibration  correction: S p e c t r a  o f  p io n  m a s s  fo r  
e a c h  c e n t r a l  c l u s t e r  d e t e c t o r  in  c o m b i n a t i o n  w i t h  a l l  d e t e c t o r s  f r o m  a  T A P S  b lo c k  w e re  
p r o d u c e d ,  ( a )  S p e c t r u m  fo r  p io n s  r e c o n s t r u c t e d  f r o m  p h o t o n s  w i t h  o n e  c l u s t e r  c e n t r e d  
o n  d e t e c t o r  3 7  in  B lo c k  D  a n d  t h e  o t h e r  c l u s t e r  a n y w h e r e  in  b lo c k  B . P e a k  p o s i t i o n  
=  1 3 6 .1  M e V ; ( b )  S p e c t r u m  fo r  p io n s  r e c o n s t r u c t e d  f r o m  p h o t o n s  w i t h  o n e  c l u s t e r  
c e n t r e d  o n  d e t e c t o r  3 7  in  B lo c k  D  a n d  t h e  o t h e r  c l u s t e r  a n y w h e r e  in  t h e  f o r w a r d  w a ll .  
P e a k  p o s i t i o n  =  1 3 2 .4  M e V .
t o  c o r r e c t  t h e  p h o t o n  c l u s t e r  e n e r g ie s  s u c h  t h a t  t h e  r e c o n s t r u c t e d  p io n  m a s s  s p e c t r u m  
h a d  a  p e a k  a t  ~  1 3 5  M e V . H o w e v e r ,  n o  p h o t o n  e n e r g y  d e p e n d e n t  c o r r e c t i o n  c o u ld  
b e  f o u n d  a n d  t h e  i n v e s t i g a t io n s  p e r f o r m e d  i n d i c a t e d  t h a t  t h e r e  w a s  a  n o n - n e g l i g ib le  
e f fe c t  f r o m  t h e  r e c o n s t r u c t e d  d e c a y  p h o t o n  o p e n i n g  a n g le .
U s in g  d a t a  f r o m  t h e  s a m e  T A P S  r u n n i n g  p e r i o d ,  M . K o t u l l a  [116] d e t e r m i n e d  
p h o t o n  e n e r g y  c o r r e c t io n  f a c to r s  f o r  e v e r y  s in g le  d e t e c t o r  t o  m a k e  t h e  p io n  m a s s  p e a k  
a p p e a r  a t  1 3 5  M e V . L a r g e r  c o r r e c t io n  f a c to r s  w e r e  n e e d e d  f o r  d e t e c t o r s  a w a y  f r o m  
t h e  c e n t r e  o f  a  T A P S  b lo c k  b e c a u s e  c l u s t e r s  c e n t r e d  o n  th e s e  w e re  m o r e  l ik e ly  t o  lo s e  
s ig n i f i c a n t  p a r t s  o f  t h e  s h o w e r .  T h i s  m e t h o d  w a s  i n v e s t i g a t e d  f o r  t h e  p r e s e n t  d a t a .  
P io n  m a s s  s p e c t r a  w e re  p r o d u c e d  f o r  e a c h  c e n t r a l  c l u s t e r  d e t e c t o r  t a k e n  w i t h  a n y  
d e t e c t o r  f r o m  a n o t h e r  w h o le  b lo c k ,  e .g .  d e t e c t o r  D 3 7  w i t h  a n y  d e t e c t o r  f r o m  b lo c k  
B , o r  f r o m  t h e  F W .  T h e s e  a r e  s h o w n  in  F ig u r e  4 .1 7 .  B lo c k  D  a n d  t h e  f o r w a r d  w a ll  
a r e  n e i g h b o u r i n g  b lo c k s  a t  f o r w a r d  a n g le s  a n d  so , f o r  t h e  e n e r g ie s  s t u d i e d  h e r e ,  d e t e c t  
m a in ly  h ig h  e n e r g y  p io n s  w i th  s y m m e t r i c  b r e a k - u p s  i n t o  tw o  p h o to n s .  T h e  o p e n i n g  
a n g le  is  s u c h  t h a t  i f  o n e  p h o t o n  s t r i k e s  t h e  c e n t r e  o f  b lo c k  D  ( d e t e c t o r  3 7  u s e d  a s  a n  
e x a m p le  in  F i g u r e  4 .1 7  is  in  t h e  c e n t r e ) ,  t h e  o t h e r  w il l  m o s t  l ik e ly  s t r i k e  t o w a r d s  t h e  
e d g e  o f  t h e  f o r w a r d  w a ll  a w a y  f r o m  b lo c k  D . T h e r e f o r e ,  t h e  c l u s t e r  f r o m  t h e  f o r w a r d  
w a ll  is  l ik e ly  t o  lo s e  a  s ig n i f i c a n t  p o r t i o n  o f  t h e  s h o w e r .  T h u s  t h e  r e s u l t i n g  p io n  m a s s
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Effect o f  Decreasing Reconstructed x-position on the Reconstructed Pion Mass
Ind iv idual de lec to rs  in  b lock  D  w ith  all d e tec to rs  in  block  E
136
134
132
■  x -  0 .9x  
x =  0 .9 5 x
C o lu m n  N u m b e r  in  B lo c k  D  (C o lu m n  0  is th e  s id e  f u r th e s t  f ro m  B lo ck  E )
F ig u r e  4 .1 8 : Effect of decreasing the  reconstructed  x-position on the  pion 
mass peak: D e c r e a s in g  t h e  r e c o n s t r u c t e d  x - p o s i t i o n  b y  10  %  d e c r e a s e d  t h e  v a r i a t i o n  
in  p io n  m a s s  p e a k  p o s i t i o n  a c r o s s  a  b lo c k .
s p e c t r u m  h a s  a  l a r g e r  t a i l  ( F ig u r e  4 .1 7 ( b ) )  t h a n  t h a t  f r o m  p h o t o n s  in  D 3 7  a n d  b lo c k  
B  ( F ig u r e  4 .1 7 ( a ) )  w h ic h  a r e  p o s i t i o n e d  a l m o s t  o p p o s i t e  e a c h  o t h e r  ( s e e  F i g u r e  2 .6 ) .  
T h e  d i f f e r e n c e  in  t h e  p o s i t i o n  o f  t h e  p io n  m a s s  p e a k s  is  p e r h a p s  m o r e  s ig n i f i c a n t .  
T h e  p io n  m a s s  p e a k  p o s i t i o n  f o r  D 3 7  w i th  t h e  F W  is  ~  4  M e V  b e lo w  t h a t  f o r  D 3 7  
w i th  b lo c k  B . A  s m a l l  r e c o n s t r u c t e d  p io n  m a s s  is  o b t a i n e d  if  e i t h e r  o f  t h e  tw o  p h o t o n  
e n e r g ie s  ( o r  b o t h )  a r e  t o o  s m a l l  o r  t h e  r e c o n s t r u c t e d  p h o t o n  o p e n i n g  a n g le  is  t o o  
s m a l l .  I t  is  p o s s ib le  t h a t  t h e r e  is  s o m e  c o m b i n a t i o n  o f  t h e s e  e f f e c ts .
E a c h  T A P S  b lo c k  e x c e p t  t h e  f o r w a r d  w a ll  c a n  b e  c o n s id e r e d  a s  8 c o l u m n s  o f  8 
d e t e c t o r s  ( s e e  F ig u r e  2 .5 ) .  T h e  a v e r a g e  m a s s  p e a k  p o s i t i o n  f o r  e a c h  c o l u m n ,  m 0bS, 
w a s  c a l c u l a t e d  fo r  e a c h  b lo c k  c o m b i n a t i o n .  A s  r e p o r t e d  b y  K o tu l l a ,  d i f f e r e n c e s  in  
m 0bs w e re  o b s e r v e d  fo r  t h e  c o lu m n s  a c r o s s  a  b lo c k  [116 ]. H o w e v e r ,  t h e s e  e f f e c ts  w e r e  
l a r g e r  w h e n  t h e  p h o t o n s  w e re  d e t e c t e d  in  n e i g h b o u r i n g  b lo c k s .  A g a in ,  t h i s  i n d i c a t e d  
a  r e c o n s t r u c t e d  o p e n i n g  a n g le  e f fe c t  a s  w a s  s u s p e c t e d  f r o m  t h e  e a r l i e r  i n v e s t i g a t i o n s  
d e s c r ib e d  in  s e c t io n  4 .5 . T h i s  e f fe c t  w a s  n o t  r e p o r t e d  b y  K o t u l l a  a s  h e  o n ly  lo o k e d  a t  
m a s s  s p e c t r a  f o r  i n d iv i d u a l  c e n t r a l  c l u s t e r  d e t e c t o r s  w i t h  a l l  o t h e r  d e t e c t o r s .
F o r  b lo c k s  o t h e r  t h a n  t h e  f o r w a r d  w a ll ,  m 0bs i n c r e a s e d  w i t h  o p e n i n g  a n g le  i m p l y in g  
t h a t  t h e  r e c o n s t r u c t e d  p h o t o n  a n g le  a w a y  f r o m  t h e  c e n t r e  o f  t h e  b lo c k  w a s  t o o  la r g e .  
D e c r e a s in g  t h e  r e c o n s t r u c t e d  x - p o s i t i o n  d e c r e a s e d  t h e  v a r i a t i o n  a c r o s s  a  b lo c k  a s  
s h o w n  in  F ig u r e  4 .1 8 .  I f  t h e  r e c o n s t r u c t e d  x - p o s i t i o n  r e q u i r e d  t o  b e  d e c r e a s e d  t h e n  
i t  fo llo w s  t h a t  t h e  r e c o n s t r u c t e d  ^ / - p o s i t io n  s h o u ld  a l s o  b e  d e c r e a s e d  a s  t h e  x  a n d  y 
c o v e r a g e  o f  t h e  T A P S  b lo c k s  is  s im i l a r .  T h e r e f o r e ,  t h e  s a m e  f a c t o r  u s e d  t o  d e c r e a s e  
t h e  r e c o n s t r u c t e d  x - p o s i t i o n  w a s  u s e d  t o  d e c r e a s e  t h e  r e c o n s t r u c t e d  y - p o s i t i o n .
T h e  f o r w a r d  w a ll  is  a  f a c to r  1 .4  t a l l e r  t h a n  i t  is  w id e .  D e c r e a s i n g  t h e  r e c o n s t r u c t e d  
^ / - p o s i t io n  d e c r e a s e d  t h e  v a r i a t i o n  a c r o s s  t h e  f o r w a r d  w a ll  b u t  d e c r e a s in g  i t s  r e c o n ­
s t r u c t e d  x - p o s i t i o n  in c r e a s e d  t h e  v a r i a t i o n .  T h e r e f o r e ,  t h e  f o l lo w in g  c o r r e c t io n s  w e r e
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T a b l e  4 .3 : V ariation of pion mass peak position w ith block com binations 
after position  correction. ( V a lu e s  o f  m 0bS a r e  l a r g e r  t h a n  th o s e  in  t h e  c o r r e s p o n d i n g  
T a b l e  4 .2  b e c a u s e  t h e  5 %  p h o t o n  e n e r g y  c o r r e c t io n  h a s  b e e n  a p p l i e d ) .
Block
mobs [MeV]
B C FW D E F
A 1 3 2 .2 135.7 135.3 136.1 135.9 1 3 2 .7
B 1 3 2 .7 135.1 135.9 136.6 136.0
C 1 3 1 .5 135.4 136.3 136.3
FW 1 3 2 .0 136.5 135.4
D 1 3 4 .5 136.0
E 1 3 1 .8
T a b l e  4 .4 :  Com parison variation  of pion mass peak position w ith  block com­
binations for real and sim ulated data._________________________
Block C om binations
Real
ITlobs
Data
&n
Simul
obs
ated  D ata
N eighbours 1 3 2 .5 0 .9 1 3 2 .1 0 .2
N ext b u t one 1 3 5 .8 0 .5 1 3 4 .9 0 .4
N ext b u t two 1 3 5 .8 0 .4 1 3 6 .0 0 .3
a p p l ie d :
{ y c o r r  _  n  q v  - , 4 _ 2 g .
Y * £  =  0.9Ycalc
{ v c o r r    i  n  Ycalc ■ calc ^  ^
YccaZ r = 0 .9 5  Ycalc
T h e s e  c o r r e c t i o n s  d e c r e a s e d  t h e  v a r i a t i o n  in  t h e  p io n  m a s s  p e a k  p o s i t i o n  f o r  t h e  
b lo c k  t o  b lo c k  c o m b i n a t i o n s  r e p o r t e d  in  s e c t i o n  4 .5 . T h e  r e s u l t s  a r e  g iv e n  in  T a b le  
4 .3 , n e i g h b o u r i n g  b lo c k  c o m b i n a t i o n s  a r e  h ig h l i g h t e d  in  r e d .  T h e  p e a k  p o s i t i o n s  fo r  
n e i g h b o u r i n g  b lo c k s  a r e  s t i l l  lo w e r  t h a n  o t h e r  b lo c k  c o m b i n a t i o n s  b u t  b lo c k  C  w i th  
F W  a n d  b lo c k  D  w i t h  F W  n o  lo n g e r  g iv e  p e a k  p o s i t i o n s  lo w e r  t h a n  t h o s e  f o r  o t h e r  
n e i g h b o u r i n g  b lo c k s  ( a l t h o u g h  b lo c k  D  w i t h  b lo c k  E  is  n o w  a  l i t t l e  h ig h e r  t h a n  t h e  
o t h e r  n e i g h b o u r i n g  b lo c k  c o m b i n a t i o n s ) .  H o w e v e r ,  t h e  t r e n d  f o r  t h e  p io n  m a s s  p e a k  
p o s i t i o n  t o  d e c r e a s e  t h e  c lo s e r  t h e  b lo c k s  a r e  t o  e a c h  o t h e r  c o m p a r e s  w e ll w i t h  t h a t  s e e n  
f o r  s i m u l a t e d  d a t a  a s  is  s h o w n  in  T a b l e  4 .4 .  T h e r e f o r e ,  t h e  c o r r e c t io n s  o f  e q u a t i o n s  
4 .2 6  a n d  4 .2 7  w e re  u s e d  in  t h e  a n a ly s i s .
4.7 Selection of Pions
N e u t r a l  p io n s  a r e  i d e n t i f i e d  i n i t i a l l y  b y  t h e  c o i n c id e n t  d e t e c t i o n  o f  t h e i r  tw o  d e c a y  
p h o t o n s .  E v e n t s  w h e r e  o n ly  o n e  p h o t o n  t r i g g e r e d  a  r e s p o n s e  in  T A P S  w e re  r e je c te d .
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However, since some of the photons detected by TAPS will not originate from the 
decay of a 7r°  but come from a number of sources including atomic processes in the 
target, it is also necessary to reconstruct the mass of the mesons.
If a photon came from a pion decay then the aligned time difference between its 
detection in TAPS and the detection of the electron in the tagger (corresponding to 
the incident photon that caused the photonuclear reaction) will be close to zero. The 
spectrum of the time difference between the tagger and the TAPS trigger is shown 
in Figure 4.19 and shows a coincidence peak around Ons on a flat background. This 
background is due to random coincidences between TAPS and the tagger. To select 
prompt coincidences only events with a time difference between the tagging electron 
and the TAPS trigger (Ttt ) from —2.0 ns to +3.0 ns were accepted. The distribution 
of Ttt is slightly asymmetric, probably due to the time signals from TAPS and the 
tagger drifting during the data run. The random background in the Ttt acceptance 
region was subtracted by selecting regions on both sides of the peak that correspond 
to random background events only. Figure 4.19(a) illustrates the regions used and 
Figure 4.19(b) and (c) shows the Ttt distribution for 16O and 208Pb respectively. The 
chosen background regions had a width 6 times that for the acceptance region so these 
events were given a weight of — |  in the calculation of the cross section.
The reliability of this random background subtraction in the tagger was inves­
tigated by producing the differential cross section for 7r° production for the region 
just below threshold (the 130 < E1  < 135 MeV region). Figure 4.20 shows how this 
compares with the differential cross section just above threshold (see section 4.8 for 
details of the differential cross section calculation). On average, this cross section 
should be zero since the incident photon energy is below the 7r° production threshold. 
The average value is actually 0.008 fib and this small yield is probably due to insuffi­
cient subtraction of random background events in the distribution of time difference 
between TAPS and the tagger (see Figure 4.19). However, the cross section below 
threshold is negligible compared with other errors in the present result: it is less than 
rL of the cross section in the threshold region and less than ^he cross section
in the highest energy region. Therefore the cross sections for 135 < E1 < 380 MeV 
were not corrected for this.
If two photons detected in TAPS both came from the same pion decay then the 
time between their detection in TAPS will be small. Therefore only events with 
detection time differences from -1.8 ns to +1.8 ns were accepted. Figure 4.21 shows this 
distribution to be sharp for both 16O (FWHM =  700 ps) and 208Pb (FWHM = 550 ps). 
It was estimated that only 0.1 % of pions were lost with this cut.
The reconstructed pion mass spectra for ieO and 208Pb are shown in Figures 4.22(a) 
and (b) respectively. The finite resolution of TAPS smears out the distribution of the
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F i g u r e  4 .1 9 : Tim e difference betw een the  tagging electron and th e  TAPS 
trigger: E v e n t s  w e re  a c c e p te d  i f  t h e  d i f f e r e n c e  w a s  b e t w e e n  —2 .0  n s  a n d  + 3 . 0  n s  ( a s  
i n d i c a t e d  b y  t h e  b lu e  l in e s  in  ( b )  a n d  ( c ) )  a n d  b a c k g r o u n d  r e g io n s  w e re  u s e d  t o  s u b ­
t r a c t  r a n d o m  c o in c id e n c e s  f r o m  t h e  p r o m p t  r e g io n ,  ( a )  i l l u s t r a t e s  t h e  r e g io n s  u s e d ;  (b )  
d i s t r i b u t i o n  f o r  16O ( F W H M  =  1 .7  n s ) ;  (c )  d i s t r i b u t i o n  f o r  208Pb  ( F W H M  =  2 .4  n s ) .
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F ig u r e  4 .2 0 : The below threshold  differential 7T° production  cross section for
160 :  T h e  b e lo w  th r e s h o l d  c r o s s  s e c t io n ,  1 3 0  <  < 1 3 5  M e V , ( r e d )  is  n e g l ig ib le
c o m p a r e d  w i th  t h e  j u s t  a b o v e  t h r e s h o l d ,  13 5  <  E y < 1 4 0  M e V , ( b la c k )  c r o s s  s e c t io n .
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(a) 160  (b) 208Pb
F ig u r e  4 .2 1 : Tim e difference betw een the  two pion decay photons: A  c u t  f r o m  
- 1 .8  n s  t o  + 1 .8  n s  w a s  m a d e  a s  i n d i c a t e d  b y  t h e  b lu e  v e r t i c a l  l in e s .
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F i g u r e  4 .2 2 : R econstructed  pion mass: A  c u t  f r o m  1 2 0 -1 5 0  M e V  w a s  a p p l i e d  t o  
t h e  p io n  m a s s  a s  i n d i c a t e d  b y  t h e  v e r t i c a l  b lu e  l in e s .
r e c o n s t r u c t e d  p io n  m a s s ,  w id e n i n g  t h e  p e a k  a t  1 3 5  M e V . T h e  F W H M  o f  t h e  p io n  m a s s  
s p e c t r u m  is  1 5 .5  M e V  fo r  160  a n d  1 7 .0  M e V  f o r  208Pb. P a r t  o f  t h e  e l e c t r o m a g n e t i c  
s h o w e r  p r o d u c e d  in  T A P S  b y  t h e  p h o t o n s  c a n  e s c a p e  t h e  d e t e c t o r s  r e s u l t i n g  in  a n  
e n e r g y  d e p o s i t i o n  lo w e r  t h a n  t h e  p h o t o n  e n e r g y  a n d  h e n c e  a  lo w  r e c o n s t r u c t e d  p io n  
m a s s .  T h i s  p r o d u c e s  t h e  s lo w e r  f a l l - o f f  o n  t h e  lo w  m a s s  s id e  o f  t h e  p e a k .  H o w e v e r ,  
a  s i g n i f i c a n t  n u m b e r  o f  p h o t o n  p a i r s  r e c o n s t r u c t  a  m a s s  w e ll b e lo w  t h e  k n o w n  p io n  
m a s s .  T h i s  is  d u e  p r i n c i p a l l y  t o  p a i r  p r o d u c t i o n  in  t h e  t a r g e t  w h ic h  r e s u l t s  in  a  b u m p  
a t  2 5  M e V  [117 ]. T h i s  b u m p  is  f a r  m o r e  n o t i c e a b l e  in  t h e  208Pb  d a t a  a n d  in d e e d  
d o m i n a t e s  t h e  s p e c t r u m ,  F ig u r e  4 .2 2 ( b ) .  T h i s  is  b e c a u s e  208Pb  is  a  m u c h  l a r g e r  
n u c l e u s  t h a n  ie O  a n d  i t s  l a r g e r  e l e c t r i c  f ie ld  g iv e s  r i s e  t o  m o r e  p a i r  p r o d u c t i o n .
P h o t o n  p a i r s  t h a t  p r o d u c e d  a  p io n  m a s s  o u t s i d e  t h e  r e g io n  1 2 0 -1 5 0  M e V  w e re  
r e j e c t e d .  N o  c o r r e c t io n  fo r  p io n s  l o s t  b y  t h i s  c u t  w a s  n e c e s s a r y  b e c a u s e  t h i s  w a s  
a l r e a d y  a c c o u n t e d  f o r  in  o b t a i n i n g  t h e  d e t e c t i o n  e f f ic ie n c ie s  s in c e  t h e  s a m e  c u t  w a s  
a p p l i e d  t o  t h e  s i m u l a t e d  d a t a .
A s  d i s c u s s e d  in  s e c t i o n  2 .6 , t h e  w a t e r  t a r g e t  c o n s t r u c t i o n  r e s u l t e d  in  t h e  b e a m  
p a s s in g  t h r o u g h  t h i n  (0 .0 6  m m )  M e l in e x  w in d o w s  a s  w e ll  a s  t h e  w a te r .  T h e r e f o r e ,  
d a t a  w e re  t a k e n  o n  t h e  e m p t y  t a r g e t  t o  a l lo w  c o r r e c t i o n  f o r  a n y  p r o c e s s e s  t a k i n g  
p la c e  o n  t h e  s u p p o r t  s t r u c t u r e .  D a t a  w e re  t a k e n  o n  t h e  e m p t y  t a r g e t  f o r  4  h o u r s  
4 5  m in u t e s .  T h e  r e c o n s t r u c t e d  p io n  m a s s  p l o t  f o r  t h i s  d a t a  c o m p a r e d  w i th  t h a t  f o r  
t h e  fu l l  t a r g e t  d a t a  is  s h o w n  in  F i g u r e  4 .2 3  a n d  c l e a r ly  s h o w s  t h a t  s o m e  p io n s  w e re  
p r o d u c e d  in  t h e  s u p p o r t  s t r u c t u r e .  T h e  y ie ld  f r o m  t h e  e m p t y  t a r g e t  w a s  i n v e s t i g a t e d  
a n d  c o m p a r e d  w i t h  t h a t  f r o m  t h e  fu l l  t a r g e t .  F i g u r e  4 .2 4  s h o w s  d i f f e r e n t i a l  c r o s s
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F ig u r e  4 .2 3 : Com parison of the  reconstructed  pion mass spectra  from  full 
(black) and em pty (red) w ater ta rg e t data: A  p io n  p e a k  a t  135  M e V  is  c l e a r ly  
v is ib le  in  t h e  e m p t y  w a t e r  t a r g e t  d a t a  a l t h o u g h  b a c k g r o u n d  d o m i n a t e s  m o r e  t h a n  in  
t h e  d a t a  w i th  t h e  fu ll  t a r g e t .
s e c t io n s  f o r  E 1 =  1 3 5 -1 4 0  M e V  a n d  E 1 = 2 0 0 -2 2 0  M e V  fu ll  a n d  e m p t y  w a t e r  t a r g e t  
d a t a .  T h e  d i f f e r e n t i a l  c r o s s  s e c t io n  f r o m  t h e  e m p t y  w a t e r  t a r g e t  is  v e r y  s m a l l :  z e ro  
c lo s e  t o  t h r e s h o l d  a n d  le s s  t h a n  -()Q10Q0 o f  t h a t  f r o m  t h e  fu l l  t a r g e t  a t  h ig h e r  i n c id e n t  
p h o t o n  e n e r g ie s .  T h e r e f o r e  n o  c o r r e c t i o n  fo r  t h i s  w a s  p e r f o r m e d .
D a t a  w e r e  a l s o  t a k e n  f o r  4 h o u r s  a n d  5 0  m i n u t e s  o n  t h e  e m p t y  208Pb  t a r g e t  h o ld e r  
t o  c h e c k  t h a t  t h e  208Pb d a t a  w e re  n o t  c o n t a m i n a t e d  w i t h  p io n s  p r o d u c e d  in  t h e  s u p p o r t  
s t r u c t u r e .  F i g u r e  4 .2 5  s h o w s  t h e  r e c o n s t r u c t e d  p io n  m a s s  s p e c t r a  f o r  t h e  208Pb  d a t a  
a n d  t h e  e m p t y  t a r g e t  d a t a .  T h e r e  a r e  c l e a r ly  n o  p io n s  in  t h e  e m p t y  t a r g e t  d a t a  so  n o  
c o r r e c t io n  w a s  n e e d e d .
4.7.1 U se o f the V eto D etectors
T h e  v e to  d e t e c t o r s  w e re  d i s c u s s e d  in  s e c t i o n  4 .4 .2 .  I n  t h e  e x p e r i m e n t ,  t h e  m a in  
s o u r c e  o f  c h a r g e d  p a r t i c l e s  is  p a i r  p r o d u c t i o n  b y  t h e  p h o t o n  b e a m  a n d  t h e  p io n  d e c a y  
p h o to n s ,  w h ic h  t a k e s  p la c e  m a in ly  in  t h e  t a r g e t  a n d  t h e  b e a m - p i p e .  I n v e s t i g a t i o n s  
w e r e  p e r f o r m e d  t o  d e c id e  w h e t h e r  t o  u s e  t h e  v e to  i n f o r m a t i o n  in  t h e  a n a ly s i s .
A t  l e a s t  tw o  c l u s t e r s  f r o m  s e p a r a t e  T A P S  b lo c k s  h a d  t o  b e  p r e s e n t  t o  s t a r t  t h e  
t r i g g e r  ( se e  s e c t i o n  2 .7 .2 ) .  E l e c t r o n s  o r  p o s i t r o n s  r e s u l t i n g  f r o m  p a i r  p r o d u c t i o n  t h a t  
a r e  in c id e n t  o n  a  T A P S  e l e m e n t  c o u ld  b e  d i s c a r d e d  b y  r e j e c t i n g  c l u s t e r s  w h o s e  c e n t r a l  
e l e m e n t  v e to  d e t e c t o r  g a v e  a  s ig n a l .  H o w e v e r ,  c o m b in in g  a  c l u s t e r  c r e a t e d  f r o m  a  p a i r  
p r o d u c t i o n  p r o c e s s  w i th  a  c l u s t e r  m a d e  b y  a  p io n  d e c a y  p h o t o n ,  o r  tw o  c l u s t e r s  f r o m  
t h e  e l e c t r o n - p o s i t r o n  p a i r ,  w o u ld  p r o b a b l y  r e c o n s t r u c t  a  p io n  m a s s  v e r y  d i f f e r e n t
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F ig u r e  4 .2 4 : D ifferential cross sections for full (black) and em pty (red) w ater 
ta rg e t data: ( a )  C lo s e  t o  t h r e s h o l d  t h e r e  is  n o  y ie ld  f r o m  t h e  s u p p o r t  s t r u c t u r e ;
(b )  A t  h ig h e r  i n c id e n t  p h o t o n  e n e r g ie s  t h e  y ie ld  f r o m  t h e  s u p p o r t  s t r u c t u r e  is  s t i l l  
n e g l ig ib le ,
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F i g u r e  4 .2 5 : Com parison reconstructed  pion m ass spectra  from 208Pb  (black) 
and from the  em pty support s tru c tu re  (red) data: T h e r e  is  n o  p io n  p e a k  a t  
13 5  M e V  in  t h e  e m p t y  t a r g e t  d a t a .
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Table 4.5: Some of th e  non-coherent processes con tribu ting  to  n eu tra l pion 
photoproduction: The extra energy required above that for the coherent reaction 
is shown (only the two lowest excitation states for both nuclei are listed).
Process
E x tra  E nergy R equired [MeV]
0 208 pj)
Nuclear excitation 6.05, 6.13, ... 2.61, 3.20, ...
Proton knock-out 12.1 8.0
Neutron knock-out 15.7 7.4
Double 7r° production 134.98 134.98
from the tabulated value. This was confirmed by examining the spectrum of the 
reconstructed pion mass with the veto condition applied. This produced a reduction 
in the bump at 25 MeV but the counts in the 120-150 MeV acceptance region were 
not significantly affected [72].
However, even a small reduction could turn out to have a fractionally much larger 
effect in the kinematic regions where the coherent (7 , 7r°) process has a very low cross 
section, for example at backward pion angles. Hence, the effect of the veto condition on 
the pion energy difference spectrum which is used to separate the coherent process (see 
section 4.7.2) was examined at both forward and backward angles. This showed a very 
small reduction in the number of events in the spectra when clusters were discarded if 
the veto of the central element had given a signal. However, the fractional reduction 
of coherent and other events was similar [72]. Therefore, since using the described 
veto condition did not improve the rejection of non-coherent events but did slightly 
reduce the number of pions detected (~ 5 % of counts were lost from the coherent 
peak region when the veto condition was used), and as the efficiencies of the veto 
detectors were not well known and varied considerably, the veto detector information 
was not used in the analysis.
4.7.2 Selection of Coherent Events
As discussed in section 1.2 .2 , several different processes contribute to neutral pion 
photoproduction. The coherent reaction leaves the residual nucleus in its ground 
state. However, pion production may also lead to discrete excited states of the residual 
nucleus and there will be quasifree processes, where a proton or neutron is knocked 
out of the nucleus and a 7r° is produced, as well as double pion production. To obtain 
the coherent yield, the yield from non-coherent processes must be eliminated and this 
separation relies on the fact that the threshold energies for the non-coherent processes 
are larger. The extra energy required for each non-coherent process is given in Table
4.5.
The separation of the coherent yield was carried out using an analysis technique
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[56,69] very similar to a standard “missing energy” analysis. This technique makes 
explicit use of the energy information provided by the tagger. Assuming coherent 7r° 
photoproduction, the centre of mass energy of the 7r° meson can be calculated via
^ . s + m 2 — M 2 . .
E ^  (E7) — 2-s/s (4.28)
from the energy E7  of the primary photon (see Appendix A for further details and 
definition of the symbols used here). It can also be obtained via a Lorentz transfor­
mation of the measured energies Ei and E 2 and emission angles 61 and 62 of the decay 
photons in the laboratory system via
EWc (71, 72) =  7  [E\ +  E 2 — ft (Ei cos 6 \ +  E 2 cos #2)] (4.29)
with ft = and 7  =  y/1 — ft2 where M  is the mass of the target nucleus. The
difference of the two energies
AE* = E„c (71, 72) -  Ere (En) (4.30)
is the “pion energy difference” and should be zero when the 7r° is produced coherently.
Figure 4.26 shows the resulting pion energy difference distributions for (a) 16O and
(b) 208Pb taking all pion events. These curves contain a peak structure around zero 
that is mainly due to coherent 7r° photoproduction and a tail at the negative energy 
side that is due to incoherent and quasifree 7r° photoproduction processes.
In order to extract the strength of the coherent peak and also, where possible, the 
incoherent strength from the pion energy difference spectrum, it had to be fitted with 
one or more functions representing these components. Since the energy resolution of 
TAPS varies considerably across the photon energy range studied (see Figure 4.27), 
these fits were performed after the pion energy difference spectra had been split into 
a series of incident photon energy and pion lab angle bins and the fitting procedure 
was adapted to allow for the changing resolution. The fits are discussed later in this 
section.
For 208Pb the TAPS energy resolution was not good enough to separate the inco­
herent excitation of the lowest states at 2.6 and 3.2 MeV. For 160 , however, a definite 
peak in the pion energy difference spectrum was observed for some incident photon 
energy and pion lab angle combinations corresponding to the excitation of one or more 
of the lowest group of four states in the 6-7 MeV region. This was used to assist in 
the identification of the coherent events and will be discussed later in this section.
Quasifree events made no contribution in the coherent peak region of the pion 
energy difference spectrum for low incident photon energies as the increased energy
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F ig u r e  4 .2 6 : P ion energy difference d istribu tions for all incident photon 
energies and all pion lab angles: ( a )  160  d i s t r i b u t i o n  h a s  F W H M  =  18 M e V ; (b )  
208Pb  h a s  F W H M  =  16  M e V .
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F ig u r e  4 .2 7 : P ion energy difference resolution a: O b t a i n e d  u s in g  160  d a t a  a n d  
a v e r a g e d  o v e r  a l l  p io n  a n g le s .  S t a t i s t i c a l  e r r o r s  a r e  s h o w n . S im i l a r  v a lu e s  o f  r e s o lu t io n  
w e re  o b t a i n e d  f o r  208 Pb.
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threshold for such events was considerably greater than the energy resolution. At 
higher photon energies, an attempt was made to allow for the weak tail of the quasifree 
energy difference distribution which extends into the coherent region. Double pion 
production events make no contribution to the observed energy difference distribution 
at any incident photon energy.
One anticipated and observed difficulty with fitting the pion energy difference 
spectra occurs because the coherent pion production yield decreases by a large fac­
tor with increasing pion angle (9n) whereas the yield of the incoherent processes is 
expected to vary slowly with 9V [26,118] (see sections 1.2.2 and 1.3). Therefore, at 
large 6^, the ratio of incoherent to coherent events becomes large and the coherent 
peak becomes difficult to distinguish. This would not be too serious a problem if the 
energy and angle calibration of TAPS was sufficiently good that the position of the 
coherent peak in the pion energy difference spectrum remained close to zero at all 
photon energy (E7), 6v combinations. However, as is shown in Figure 4.28, even at 
low Ey the coherent peak position moves around with 9^. These fluctuations in peak 
position from one 6V bin to the next become large shifts with increasing E1 where 
there are also increasing contributions from incoherent processes. The largest shifts 
in the pion energy difference peak position with pion lab angle are seen at incident 
photon energies of 200-240 MeV. At these energies the minimum opening angle be­
tween the two pion decay photons (equation 1.2) is such that they are most likely to 
be incident on TAPS with one hitting the edge of the forward wall and the other the 
centre of block C (or D) and vice versa. This combination is known to give problems 
with the reconstructed photon momenta as was discussed in sections 4.5 and 4.6.2 
and so it is not surprising that it also gives problems with the pion energy difference 
distributions.
At incident photon energies close to the pion production threshold the energy 
resolution was very good (see Figure 4.29). At threshold there is not enough energy 
for the incoherent processes to occur and the yield of these processes increases slowly 
with increasing incident photon energy while the coherent yield initially increases more 
rapidly [26]. However, the shape of the coherent part of the pion energy difference 
distribution was found to vary with incident photon energy and pion angle. The 
methods employed to fit it for 16O and 208 Pb are given in the remainder of this 
section and the regions where the different methods were used are given in Appendix 
C.
Oxygen-16
At low incident photon energies, the shape of the coherent part of the pion energy 
difference distributions was generally well fitted with a single Gaussian function and
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F ig u r e  4 .2 8 : Pion energy difference peak position  for the  coherent process:
F o r  b o t h  t a r g e t s  f l u c t u a t i o n s  in  c o h e r e n t  p e a k  p o s i t i o n  a r e  s e e n  e v e n  a t  lo w  in c id e n t  
p h o t o n  e n e r g ie s  a n d  p io n  la b  a n g le s .  L a r g e r  s h i f t s  a r e  s e e n  w i t h  in c r e a s i n g  in c id e n t  
p h o t o n  e n e r g y  w h e r e  t h e r e  a r e  a l s o  i n c r e a s i n g  c o n t r i b u t i o n s  f r o m  t h e  i n c o h e r e n t  p r o ­
c e s s e s . ( F o r  160 ,  p io n  a n g le  b in s  o f  5° w e re  u s e d  s o  b in  n u m b e r ,  6, c o v e r s  t h e  r a n g e  
56° < 9n < (5 6  +  5 ) ° ;  F o r  208Pb, p io n  a n g le  b in s  o f  2° w e re  u s e d  so  b in  n u m b e r ,  6, 
c o v e r s  t h e  r a n g e  26° < 9n < (26  +  2 ) ° .)
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F ig u r e  4 .2 9 : Pion energy difference spectrum  for 160 :  f o r  2 0 ° < 0n < 2 5 °  a n d
145  <  E 1 <  15 0  M e V , f i t t e d  w i t h  m e t h o d  1.
a n  e x a m p le  is  s h o w n  in  F i g u r e  4 .2 9 .  H o w e v e r ,  s o m e  in c i d e n t  p h o t o n  e n e r g y  a n d  
p io n  a n g le  c o m b i n a t i o n s  g a v e  p io n  e n e r g y  d i f f e r e n c e  d i s t r i b u t i o n s  t h a t  w e re  n o t  w e ll 
d e s c r ib e d  b y  a  G a u s s i a n  f u n c t i o n .  T h i s  w a s  p r o b a b l y  d u e  t o  a  c h a n g e  in  t h e  p o s i t i o n  
o f  t h e  c o h e r e n t  p e a k  o v e r  t h e  i n c i d e n t  p h o t o n  e n e r g y  r a n g e  c o n t r i b u t i n g  t o  t h e  d a t a :  
F ig u r e  4 .3 0  g iv e s  a n  e x a m p le  o f  s u c h  a  w id e r  p e a k ,  w h ic h  is  p r o b a b l y  t h e  s u m  o f  m a n y  
G a u s s i a n  d i s t r i b u t i o n s ,  e a c h  w i t h  a  s l i g h t ly  d i f f e r e n t  p e a k  p o s i t i o n .  I t  w a s  f o u n d  t h a t  
d i s t r i b u t i o n s  o f  t h i s  s h a p e  c o u ld  b e  f i t t e d  w i t h  tw o  G a u s s i a n  f u n c t i o n s  w i t h  t h e  s a m e  
c e n t r o id  b u t  d i f f e r e n t  w id th s .  A  F e r m i  f u n c t i o n  w a s  a l s o  u s e d  i f  n e c e s s a r y  t o  r e p r e s e n t  
t h e  f a l l -o f f  o f  t h e  d i s t r i b u t i o n  f r o m  t h e  q u a s i f r e e  p r o c e s s e s  b e lo w  i t s  a v e r a g e  th r e s h o l d  
E av ( t h e  u s e  o f  t h e  F e r m i  f u n c t i o n  is  s e e n  in  F i g u r e  4 .3 2 ) .
T h e  f u n c t i o n  u s e d  t o  f i t  t h e  d a t a  w a s :
w h e r e  A\  a n d  A 2 a r e  t h e  a r e a s ,  oq a n d  <72 t h e  w i d t h s ,  xc t h e  c o m m o n  c e n t r e  o f  t h e  
G a u s s i a n  f u n c t i o n s ,  A q  t h e  h e i g h t  o f  t h e  F e r m i  f u n c t i o n ,  x  t h e  p io n  e n e r g y  d i f f e r e n c e ,  
E av t h e  a v e r a g e  e n e r g y  r e q u i r e d  f o r  t h e  q u a s i f r e e  p r o c e s s  a n d
T h e  w i d t h  o f  t h e  F e r m i  f u n c t i o n  ( o > )  is  o b t a i n e d  f ro m  t h e  G a u s s i a n  w i d t h s ,
_______ Aqcjf y/27T
1+exp f2.4?~Jc~lTflv
(4.31)
(4.32)
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F ig u r e  4 .3 0 : Pion energy difference spectrum  for ie O :  f o r  6 5 °  < < 70° a n d
15 0  <  E j  < 1 5 5  M e V , f i t t e d  w i t h  m e t h o d  2.
w e ig h te d  w i th  t h e  G a u s s i a n  a r e a s  s u c h  t h a t  t h e  G a u s s i a n  w i th  t h e  l a r g e s t  a r e a  d e t e r ­
m in e d  m o s t  o f  t h e  w i d t h  t o  e n s u r e  t h a t  t h e  r e s o l u t i o n s  o f  t h e  d i s t r i b u t i o n s  d e s c r ib in g  
t h e  c o h e r e n t  a n d  q u a s i f r e e  p r o c e s s e s  w e r e  c o n s i s t e n t .  F o r  f i t  m e t h o d  1, A 2 =  0. I n  
b o t h  m e t h o d s  1 a n d  2 , t h e  d i s t a n c e  b e t w e e n  t h e  c e n t r e  o f  t h e  G a u s s i a n  f u n c t i o n  a n d  
t h e  c e n t r e  o f  t h e  f a l l -o f f  o f  t h e  F e r m i  f u n c t i o n  w a s  d e t e r m i n e d  b y  t h e  a v e r a g e  e x t r a  
e n e r g y  r e q u i r e d  f o r  t h e  q u a s i f r e e  p r o c e s s .
A  d i f f e r e n t  f i t t i n g  p r o c e d u r e  w a s  r e q u i r e d  a t  h ig h  E ^ s  a n d  h ig h  6A s , w h e r e  a s  
n o t e d  a b o v e  n o  c l e a r  c o h e r e n t  p e a k  is  v i s ib le  in  t h e  p io n  e n e r g y  d i f f e r e n c e  d i s t r i b u t i o n .  
W h e n  t h i s  w a s  t h e  c a s e ,  a  p r o c e d u r e ,  m e t h o d  3 , w a s  u s e d  in  w h ic h  a  s in g le  G a u s s i a n  
w a s  f i t t e d  a t  a  f ix e d  p e a k  p o s i t i o n  u s in g  o n ly  t h e  d a t a  t o  t h e  r i g h t  h a n d  s id e  o f  t h a t  
p e a k .  T h i s  m in im is e s  t h e  e f f e c t  o f  t h e  i n c o h e r e n t  p r o c e s s e s  o n  t h e  f i t  b u t  o f  c o u r s e  
d o e s  n o t  c o m p le t e ly  e l i m i n a t e  i t .  T h e  f ix e d  p e a k  p o s i t i o n  w a s  b a s e d  o n  t h a t  o b t a i n e d  
f o r  t h e  c o h e r e n t  p e a k  w h e n  m e t h o d  1 o r  2 w a s  u s e d  a t  s l i g h t ly  s m a l l e r  0n a n d / o r  
E 1. F ig u r e  4 .3 1  g iv e s  a n  e x a m p le  o f  s u c h  a  f i t .  T h e  f i t  f u n c t i o n  u s e d  is  d e s c r ib e d  b y  
e q u a t i o n  4 .3 1  w i th  A 2 =  0 , Aq = 0 , a n d  x c f ix e d  a s  d is c u s s e d  a b o v e .
A t  s o m e  in c id e n t  p h o t o n  e n e r g y  a n d  p io n  a n g l e  c o m b i n a t i o n s ,  a  s e c o n d  p e a k  w a s  
o b s e r v e d  in  t h e  p io n  e n e r g y  d i f f e r e n c e  d i s t r i b u t i o n  a t  a b o u t  6 .5  M e V  b e lo w  t h e  c o h e r ­
e n t  p e a k .  T h e r e  a r e  f o u r  e x c i t e d  s t a t e s  in  16O  a r o u n d  t h i s  e n e r g y  ( a t  6 .0 5 ,  6 .1 3 ,  6 .9 2 ,  
a n d  7 .1 2  M e V  - se e  F i g u r e  4 .5 0 )  so  t h i s  s e c o n d  p e a k  c o u ld  r e s u l t  f r o m  t h e  in c o h e r e n t  
p r o c e s s  l e a v in g  t h e  n u c l e u s  in  o n e  o r  m o r e  o f  t h e s e  e x c i t e d  s t a t e s .  I n  t h i s  s i t u a t i o n  a  
f i t t i n g  p r o c e d u r e ,  m e t h o d  4 , w a s  u s e d  w h e r e  a  s in g le  G a u s s i a n  w a s  f i t t e d  t o  t h e  c o ­
h e r e n t  p e a k  a n d  a  s in g le  G a u s s i a n  w a s  f i t t e d  t o  t h e  i n c o h e r e n t  w i t h  i t s  p e a k  p o s i t i o n  
f ix e d  a t  6 .5  M e V  b e lo w  t h e  c o h e r e n t .  T h e  w i d t h  o f  t h e  i n c o h e r e n t  p e a k  w a s  f ix e d  t o
0 2020 404 0
AE„ (M eV )
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F ig u r e  4 .3 1 : Pion energy difference spectrum  for 160  : f o r  5 0 °  < 6n < 5 5 ° a n d
3 4 0  <  E 1 < 3 6 0  M e V , f i t t e d  w i th  m e t h o d  3.
b e  t h e  s a m e  a s  t h e  w i d t h  o f  t h e  c o h e r e n t  p e a k .  T h u s  t h e  f u n c t i o n  u s e d  w a s :
1 ~  CtTo eXP I 2a-2 ) + s/Tkct eXP V 2a2 )
(4 .3 3 )
_j______ AqoC27T
1+ e x p  ^ 2 . 4 x ~ * c ^ o v
w h e r e  A \  a n d  A 2 a r e  t h e  c o h e r e n t  a n d  in c o h e r e n t  a r e a s  r e s p e c t iv e ly ,  a  is  t h e  w i d t h  
o f  b o t h  t h e  c o h e r e n t  a n d  t h e  i n c o h e r e n t  f i ts ,  x c is  t h e  c o h e r e n t  p e a k  p o s i t i o n ,  a n d  
E a v , x ,  a n d  A q  a r e  t h e  s a m e  a s  in  e q u a t i o n  4 .3 1 .  F i g u r e  4 .3 2  g iv e s  a n  e x a m p le  o f  
f i t  m e t h o d  4 . W h e n  t h e  c o h e r e n t  f i t  is  s u b t r a c t e d  f r o m  t h e  d a t a  t h e  i n c o h e r e n t  p e a k  
g iv e s  a  g o o d  f i t  t o  t h e  r e s id u a l  s p e c t r u m  ( F ig u r e  4 .3 2 ( b ) ) .
T h i s  m e t h o d  o f  f i t t i n g  t h e  c o h e r e n t  a n d  t h e  i n c o h e r e n t  w o r k e d  w e ll o v e r  a  w id e  
r a n g e  o f  i n c i d e n t  p h o t o n  e n e r g ie s  a n d  p io n  a n g le s  ( s e e  A p p e n d i x  C ) .  H o w e v e r ,  i t  
w a s  s o m e t im e s  n e c e s s a r y ,  in  o r d e r  t o  g e t  a  s e n s ib le  f i t ,  t o  e i t h e r  f ix  t h e  w i d t h  o r  f ix  
b o t h  t h e  w i d t h  a n d  t h e  c o h e r e n t  p e a k  p o s i t i o n  (a a n d  x c r e s p e c t i v e ly  in  e q u a t i o n
4 .3 3 ) .  F i g u r e  4 .3 3  g iv e s  a n  e x a m p le  o f  a  f i t  w h e r e  b o t h  t h e  w i d t h  a n d  p o s i t i o n  w e re  
f ix e d .  T h e  f ix e d  p a r a m e t e r ( s )  w e re  c h o s e n  b a s e d  o n  t h e  f i t t e d  v a lu e s  f o r  n e i g h b o u r i n g  
b in s .  T h e  v a r i a t i o n  o f  f i t  p a r a m e t e r s  w i t h  a n d  9n w a s  e x a m in e d  t o  h e lp  d e c id e  
w h ic h  f i t  m e t h o d  t o  u s e  f o r  e a c h  p io n  e n e r g y  d i f f e r e n c e  s p e c t r u m  a n d  c a s e s  w h e r e  t h e  
p e a k  w i d t h  d id  n o t  v a r y  s m o o t h l y  o r  t h e  p e a k  p o s i t i o n  c h a n g e d  v e r y  a b r u p t l y  w e re  
r e - e x a m in e d .
A s  d is c u s s e d  in  s e c t i o n  2 .6 , t h e  l s O  t a r g e t  w a s  in  f a c t  a  w a t e r  t a r g e t .  C a l c u l a t i o n s  
h a d  b e e n  p e r f o r m e d  t o  e n s u r e  t h a t  s e p a r a t i o n  o f  p io n s  p r o d u c e d  f r o m  ie O  f r o m  th o s e
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(a) Coherent +  Incoherent fit (b) Data - coherent fit
F ig u r e  4 .3 2 : Pion energy difference spectrum  for ie O :  f o r  9 5 °  < 6n < 1 0 0 °  a n d  
1 7 0  <  E 1 < 1 8 0  M e V , f i t t e d  w i th  m e t h o d  4 . T h e  c o h e r e n t  p lu s  i n c o h e r e n t  f i t  w o rk s  
w e ll a n d  t h e  i n c o h e r e n t  p e a k  g iv e s  a  g o o d  f i t  t o  t h e  r e s id u a l  d a t a  a f t e r  t h e  s u b t r a c t i o n  
o f  t h e  c o h e r e n t  f i t ,  ( b ) .
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F ig u r e  4 .3 3 : Pion energy difference spectrum  for 160 :  f o r  1 2 0 °  < 6n < 1 2 5 °  a n d  
17 0  <  E-y < 1 8 0  M e V , f i t t e d  w i th  m e t h o d  4  w i th  p e a k  p o s i t i o n  a n d  w i d t h  f ix e d .
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(a) W ith Fermi function (b) W ithout Fermi function
F i g u r e  4 .3 4 : Pion energy difference spectrum  for ieO :  fo r  6 5 °  <  9n < 7 0 ° a n d  
2 2 0  < E 1 < 2 4 0  M e V , f i t t e d  w i t h  m e t h o d  8 w i th  a n d  w i t h o u t  F e r m i  f u n c t i o n :  B o t h  
h a v e  f ix e d  w i d t h  o f  6 .6  M e V . ( a )  p e a k  p o s i t i o n  a t  - 0 .3  M e V : t o o  s m a l l  a  c o h e r e n t  a r e a ;
( b )  p e a k  p o s i t i o n  a t  - 2 .5  M e V : m o r e  c o m p a r a b l e  t o  p e a k  p o s i t i o n s  in  n e i g h b o u r i n g  
b in s .
p r o d u c e d  o f  [H  c o u ld  b e  m a d e  ( T a b le  2 .3 ) .  H o w e v e r ,  a t  s o m e  in c id e n t  p h o t o n  e n e r g y  
a n d  p io n  a n g le  c o m b in a t io n s ,  a  p e a k  in  t h e  p io n  e n e r g y  d i f f e r e n c e  s p e c t r u m  c o u ld  b e  
s e e n  d u e  t o  p io n s  p r o d u c e d  o n  l H  ( t h e  p e a k  a t  a r o u n d  A E n = —2 5  M e V  in  F ig u r e
4 .3 4 ) .  In  t h e s e  c a s e s  i t  w a s  f o u n d  t h a t  t h e  F e r m i  f u n c t i o n  m i s r e p r e s e n t e d  t h e  t a i l  o f  
t h e  d i s t r i b u t i o n  d u e  t o  t h i s  p r o c e s s  a n d  s t r o n g l y  a f f e c te d  t h e  c o h e r e n t  a n d  i n c o h e r e n t  
f i t  in  m e t h o d  4 , r e d u c in g  t h e  f i t t e d  c o h e r e n t  a r e a  a n d  g iv in g  s ig n i f i c a n t  s h i f t s  in  t h e  
p e a k  p o s i t i o n .  R e m o v in g  t h e  F e r m i  f u n c t i o n  im p r o v e d  t h e  f i t  t o  t h e  c o h e r e n t ,  a s  is  
c l e a r ly  d e m o n s t r a t e d  in  F ig u r e  4 .3 4 ,  a l t h o u g h  t h i s  is  p r o b a b l y  n o t  c o m p le t e ly  c o r r e c t  
a s  i t  m a y  in c lu d e  s o m e  c o n t r i b u t i o n  f r o m  t h e  l H  p e a k .  I t  w o u ld  b e  b e t t e r  t o  f i t  a  
G a u s s i a n  t o  t h e  lH  p e a k  t o o  b u t  a s  t h e  160  c o h e r e n t  p e a k  p o s i t i o n  m o v e s  w i th  E 7 
a n d  6n ( a s  s h o w n  in  F i g u r e  4 .2 8 )  t h e  lH  p e a k  p r o b a b l y  d o e s  to o .  I t  w a s  f o u n d  t h a t  
r e m o v in g  t h e  F e r m i  f u n c t i o n  a l s o  im p r o v e d  f i t s  a t  s m a l l e r  p io n  l a b  a n g le s  w h e r e  t h e  
p r o b le m  w a s  n o t  t h e  c o n t r i b u t i o n  f r o m  p io n s  f r o m  lH  b u t  f r o m  t h e  i n c o h e r e n t  p r o c e s s  
g iv in g  t h e  p e a k  6 .5  M e V  b e lo w  t h e  c o h e r e n t  p e a k .  F i g u r e  4 .3 5  g iv e s  a n  e x a m p le  o f  
t h i s .
T h e  p io n  e n e r g y  d i f f e r e n c e  d i s t r i b u t i o n  f o r  p io n s  p r o d u c e d  f r o m  lH  w a s  in v e s t i ­
g a t e d  t o  d e t e r m i n e  i f  t h e  p e a k  p o s i t i o n  d id  i n d e e d  d e p e n d  o n  in c id e n t  p h o t o n  a n d  
e n e r g y  a n d  p io n  a n g le .  I f  i t  d id  i t  c o u l d  p e r h a p s  b e  u s e d  t o  h e lp  d e t e r m i n e  t h e  p o s i ­
t i o n  o f  t h e  c o h e r e n t  p e a k  fo r  p io n s  p r o d u c e d  f r o m  160  s in c e ,  a s  d i s c u s s e d  in  s e c t io n
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(a) W ith Fermi function (b) W ithout Fermi function
F ig u r e  4 .3 5 :  Pion energy difference spectrum  for 16O r  f o r  4 0 °  < 0n < 4 5 °  a n d
2 2 0  < E j  < 2 4 0  M e V , f i t t e d  w i t h  m e t h o d  4  (a )  w i th  F e r m i  f u n c t i o n  a n d  (b )  w i t h o u t  
F e r m i  f u n c t i o n .
2 .6 , fo r  a n y  g iv e n  in c i d e n t  p h o t o n  e n e r g y  a n d  p io n  l a b  a n g le  t h e  d i f f e r e n c e  in  t h e  
e n e r g y  o f  a  p io n  p r o d u c e d  c o h e r e n t l y  f r o m  160  a n d  t h e  e n e r g y  o f  a  p io n  p r o d u c e d  
f r o m  ]H  c a n  b e  c a l c u l a t e d .  T h i s  w o u ld  b e  p a r t i c u l a r l y  h e lp f u l  a t  i n c id e n t  p h o t o n  
e n e r g y  a n d  p io n  a n g le  c o m b i n a t i o n s  w h e r e  t h e  1H  p e a k  is  t h e  d o m i n a n t  f e a t u r e  in  
t h e  p io n  e n e r g y  d i f f e r e n c e  d i s t r i b u t i o n s .  F i g u r e  4 .3 6  s h o w s  t h e  p io n  e n e r g y  d i f f e r e n c e  
d i s t r i b u t i o n s  fo r  ( a )  p io n s  p r o d u c e d  c o h e r e n t ly  f r o m  ie O  a n d  (b )  p io n s  p r o d u c e d  f r o m  
lH  a t  1 0 0 °  < 0n < 1 0 5 °  a n d  2 6 0  <  E y < 2 8 0  M e V . T h e r e  is  n o  c l e a r  c o h e r e n t  p e a k  in  
t h e  160  p io n  e n e r g y  d i f f e r e n c e  d i s t r i b u t i o n  s o  fit, m e t h o d  3 m u s t  b e  u s e d ,  r e q u i r i n g  a  
d e c is io n  t o  b e  m a d e  a b o u t  w h e r e  t o  p u t  t h e  c o h e r e n t  p e a k .  H o w e v e r ,  t h e  p io n  e n e r g y  
d i f f e r e n c e  d i s t r i b u t i o n  f o r  [ H  h a s  a  c l e a r  p e a k  j u s t  b e lo w  z e ro .  T h i s  p e a k  p o s i t i o n  w a s  
t r a c k e d  f o r  a  n u m b e r  o f  i n c i d e n t  p h o t o n  e n e r g ie s  a n d  i t s  v a r i a t i o n  w i th  p io n  l a b  a n g le  
is  s h o w n  in  F ig u r e  4 .3 7 .  C le a r ly ,  t h e  lH  p e a k  s h o w s  t h e  s a m e  p r o b le m  o f  s h i f t i n g  p e a k  
p o s i t i o n  w i t h  9V a s  w a s  o b s e r v e d  in  160  a n d  a g a in  t h e  s h i f t s  in c r e a s e  w i t h  i n c r e a s i n g  
E y. T h e  s h i f t  s h o u ld  d e p e n d  o n ly  o n  Ey  a n d  6n a n d  so  c o u l d  in  p r in c i p l e  p r e d i c t  t h e  
p o s i t i o n  f o r  160  w h e r e  d a t a  a r e  a v a i l a b le  f o r  lH  a t  t h e  s a m e  Ey, 6n. H o w e v e r ,  t h e  
n u m b e r  o f  b in s  w h e r e  a  c l e a r  l H  p e a k  w a s  v is ib le  w a s  v e r y  l i m i t e d  a n d  so  i t  w a s  n o t  
u s e d  t o  h e lp  d e t e r m i n e  t h e  p o s i t i o n  o f  t h e  160  p e a k .
Lead-208
T h e  f i t  r e g io n s  a n d  t h e  r e g io n s  w h e r e  t h e  d i f f e r e n t  f i t t i n g  m e t h o d s  w e re  u s e d  a r e  n o t  
i d e n t i c a l  fo r  16 O a n d  208 Pb. T h e  c o h e r e n t  d i f f e r e n t i a l  c r o s s  s e c t i o n  d e c r e a s e s  f a s t e r
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(a) AEn for 7r° produced on 160  (b) AEn for 7r° produced on lH
F ig u r e  4 .3 6 : Pion energy difference spectrum : f o r  1 0 0 °  <  9n < 1 0 5 °  a n d  2 6 0  <  
Ey < 2 8 0 M e V  f o r  p io n s  p r o d u c e d  o n  ( a )  160  a n d  ( b )  l H.  T h e r e  is  a  c l e a r  p e a k  f o r  
p io n s  f r o m  lH  b u t  n o t  f o r  p io n s  p r o d u c e d  c o h e r e n t ly  f r o m  ie O .
Pion Energy Difference for Production on the Proton
P e a k  p o s i t io n  v a r ia t io n  w i th  p io n  a n g le  a n d  in c id e n t  p h o to n  e n e r g y
1 7 0 -1 8 0  M e V  
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F ig u r e  4 .3 7 : Pion energy difference peak position for the  coherent process
on l H: F l u c t u a t i o n s  in  t h e  c o h e r e n t  p e a k  p o s i t i o n  a r e  s e e n  fo r  p io n s  p r o d u c e d  f r o m  
lH  j u s t  a s  t h e y  w e re  f o r  p io n s  p r o d u c e d  f r o m  160  ( s e e  F ig u r e  4 .2 8 ) .
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F ig u r e  4 .3 8 : Pion energy difference spectrum  for 208Pb: f o r  1 3 5  <  E 7 < 14 0  M e V
a n d  a l l  0n.
w ith  p io n  la b  a n g le  fo r  208Pb  t h a n  f o r  160  a n d  t h e r e f o r e  t h e  c o h e r e n t  y ie ld  c o u ld  
b e  d e t e r m i n e d  a t  g r e a t e r  p io n  l a b  a n g le s  f o r  ie O  t h a n  fo r  208P 6 .  T h e  f i r s t  n u c l e a r  
e x c i t e d  s t a t e  o c c u r s  a t  a  lo w e r  n u c l e a r  e x c i t a t i o n  e n e r g y  in  20SPb ( a t  2 .6 1  M e V , s e e  
F ig u r e  4 .5 0 ) .  T h e  p io n  e n e r g y  d i f f e r e n c e  r e s o lu t io n  is  m u c h  l a r g e r  t h a n  t h e  d i f f e r e n c e  
b e tw e e n  t h e  g r o u n d  s t a t e  a n d  t h e  f i r s t  n u c l e a r  e x c i t e d  s t a t e  so  i t  w a s  n o t  p o s s ib le  t o  
s e p a r a t e  a n y  o f  t h e m  a s  w a s  d o n e  f o r  ie O . T h e r e f o r e  o n ly  f i t  m e t h o d s  1, 2 , a n d  3 w e re  
e m p lo y e d  fo r  208 Pb a n d  t h e  u s e  o f  f i t  m e t h o d  3 w a s  n e c e s s a r y  a t  m u c h  lo w e r  i n c id e n t  
p h o t o n  e n e r g ie s  t h a n  fo r  lflO  ( 1 5 0  <  E 1 < 1 5 5  M e V  f o r  208Pb  , 3 4 0  < E^ < 3 6 0  M e V  
fo r  160 ) .
T h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  208Pb h a v e  m o r e  s t r u c t u r e  t h a n  t h o s e  fo r  ie O  
b e c a u s e  i t  is  a  l a r g e r  n u c le u s .  T h e r e f o r e ,  in  o r d e r  t o  s e e  t h i s  s t r u c t u r e  p io n  la b  a n g le  
b in s  o f  2° w e re  u s e d  (5° b in s  w e re  u s e d  f o r  160 ) .  H o w e v e r ,  t h i s  r e d u c e d  t h e  n u m b e r  
o f  c o u n t s  in  e a c h  b in  a n d  a t  lo w  in c i d e n t  p h o t o n  e n e r g ie s  t h e  s t a t i s t i c a l  e r r o r s  w e re  
la rg e .  T h e r e  w e r e  so  fe w  p io n s  in  t h e  r a n g e  1 3 5  <  E 1 < 1 4 0  M e V  t h a t  i t  w a s  n o t  
p o s s ib le  t o  o b t a i n  a  d i f f e r e n t i a l  c r o s s  s e c t io n .  F i g u r e  4 .3 8  s h o w s  t h e  p io n  e n e r g y  
d i f f e r e n c e  d i s t r i b u t i o n  f o r  t h i s  i n c i d e n t  p h o t o n  e n e r g y  r a n g e  f o r  a l l  p io n  l a b  a n g le s  
a d d e d  t o g e t h e r  a n d  e v e n  t h i s  h a s  v e r y  p o o r  s t a t i s t i c s .  D i f f e r e n t i a l  c r o s s  s e c t i o n s  w e re  
p r o d u c e d  fo r  1 4 0  < E 1 < 1 4 5  M e V  a n d  1 4 5  <  E^ < 1 5 0  M e V  in  5° p io n  l a b  a n g le  
b in s .  I t  w a s  p o s s ib le  t o  u s e  2° b in s  f o r  a l l  e n e r g ie s  a b o v e  th i s .
F ig u r e s  4 .3 9  a n d  4 .4 0  g iv e  e x a m p le s  o f  f i t  m e t h o d s  1 a n d  2 r e s p e c t iv e ly .
T h e r e  w e re  a l s o  v e r y  fe w  c o u n t s  in  t h e  p io n  e n e r g y  d i f f e r e n c e  s p e c t r a  in  t h e  r e g io n s  
o f  t h e  m i n i m a  in  t h e  c o h e r e n t  d i f f e r e n t i a l  c r o s s  s e c t io n s .  A n  e x a m p le  o f  t h i s  is  g iv e n  
in F ig u r e  4 .4 1 .  F o r  lf,0 ,  e v e n  in  t h e  m i n i m a  r e g io n s  t h e r e  w e re  e n o u g h  c o u n t s  t o  u s e
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F i g u r e  4 .3 9 : Pion energy difference spectrum  for 208Pb: f o r  2 0 °  <  0n <  2 2 ° a n d
1 5 0  < E j  < 1 5 5  M e V , f i t t e d  w i th  m e t h o d  1.
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F i g u r e  4 .4 0 : Pion energy difference spectrum  for 208Pb: f o r  2 0 °  < 0n < 2 2 ° a n d
1 7 0  < E y < 1 8 0  M e V , f i t t e d  w i th  m e t h o d  2.
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(a) Fit method 1 (b) Fit method 3
F ig u r e  4 .4 1 : Pion energy difference spectrum  for 208Pb: f o r  5 4 °  <  9n < 5 6° a n d  
1 5 0  <  E y <  1 5 5  M e V , ( a )  f i t t e d  w i t h  m e t h o d  1 a n d  ( b )  f i t t e d  w i t h  m e t h o d  3.
e i t h e r  f i t  m e t h o d  1 o r  2 b u t  f o r  208Pb  t h e s e  o f te n  g a v e  f i t s  w i t h  m u c h  n a r r o w e r  w i d t h s  
t h a n  t h o s e  o b t a i n e d  a w a y  f r o m  t h e  m i n i m a  a n d  p e a k  p o s i t i o n s  t h a t  j u m p e d  a r o u n d  
s ig n i f i c a n t ly  f r o m  o n e  0n b in  t o  t h e  n e x t .  T h e r e f o r e ,  f i t  m e t h o d  3 w a s  e m p lo y e d  in  
th e s e  r e g io n s  w i th  a  p e a k  p o s i t i o n  b a s e d  o n  th o s e  o b t a i n e d  a w a y  f r o m  t h e  m in i m u m .  
T h e  w i d t h  w a s  a l s o  f ix e d  a n d  b a s e d  o n  t h o s e  o b t a i n e d  a w a y  f r o m  t h e  m in i m u m .
F o r  i n c i d e n t  p h o t o n  e n e r g ie s  g r e a t e r  t h a n  3 0 0  M e V  a l l  t h e  p io n  e n e r g y  d i f f e r e n c e  
d i s t r i b u t i o n s  h a d  t o  b e  f i t t e d  w i th  m e t h o d  3 a n d  a n  e x a m p le  is  s h o w n  in  F i g u r e  4 .4 2 .  
T h e  p e a k  p o s i t i o n  a n d  w i d t h  w e re  f ix e d  a n d  c h o s e n  t o  r e f le c t  t h o s e  o b t a i n e d  w h e n  f i t  
m e t h o d  1 w a s  u s e d  in  a  n e a r b y  b in .
Sum m ary of P ion Energy Difference Fits
F o u r  m e t h o d s  w e re  u s e d  t o  f i t  t h e  c o h e r e n t  p a r t  o f  t h e  p io n  e n e r g y  d i f f e r e n c e  d i s t r i ­
b u t i o n .  M e t h o d s  1 -4  w e r e  u s e d  f o r  160  b u t  o n ly  m e t h o d s  1 -3  w e re  u s e d  fo r  208P 6 .  
T h e s e  m e t h o d s  a r e  s u m m a r i s e d  b e lo w .
• M ethod 1 : A  G a u s s i a n  p lu s  a  F e r m i  f u n c t i o n  w e r e  f i t t e d ,  a l lo w in g  t h e  f i t  t o  
d e t e r m i n e  t h e  h e i g h t ,  w i d t h ,  a n d  p o s i t i o n  o f  t h e  G a u s s i a n  f u n c t i o n  a n d  t h e  
h e i g h t  o f  t h e  F e r m i  f u n c t i o n .  T h i s  m e t h o d  w a s  u s e d  w h e r e  t h e  s h a p e  o f  t h e  
p e a k  w a s  d e s c r ib e d  w e ll b y  a  s in g le  G a u s s i a n  f u n c t i o n  a n d  t h e  p e a k  p o s i t i o n  
w a s  n o t  le s s  t h a n  a b o u t  -4  M e V  (se e  F ig u r e s  4 .2 9  a n d  4 .3 9 ) .  T h e  f i t  f u n c t i o n  is  
d e s c r ib e d  b y  e q u a t i o n  4 .3 1  w i t h  A 2 = 0.
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F ig u r e  4 .4 2 : Pion energy difference spectrum  for 208Pb: f o r  0° <  0n <  2° a n d
3 0 0  <  E 7 <  3 2 0  M e V , f i t t e d  w i th  m e t h o d  3 .
• M ethod 2 : T w o  G a u s s i a n s  p lu s  a  F e r m i  f u n c t i o n  w e re  f i t t e d .  T h e  tw o  G a u s s i a n  
f u n c t i o n s  w e r e  c e n t r e d  a t  t h e  s a m e  p o i n t .  T h e  f i t  d e t e r m i n e d  t h e  h e i g h t s ,  w i d t h s ,  
a n d  t h e  p o s i t i o n  o f  t h e  G a u s s i a n  f u n c t i o n s  a n d  t h e  h e i g h t  o f  t h e  F e r m i  f u n c t i o n .  
T h i s  m e t h o d  w a s  u s e d  w h e r e  t h e  s h a p e  o f  t h e  p e a k  w a s  d e s c r ib e d  w e ll b y  tw o  
G a u s s i a n  f u n c t i o n s ,  t h e  w i d t h  o f  t h e  s e c o n d  w a s  n o t  m o r e  t h a n  tw ic e  t h a t  o f  t h e  
f i r s t ,  a n d  t h e  p e a k  p o s i t i o n  w a s  n o t  le s s  t h a n  a b o u t  -4  M e V  (se e  F i g u r e s  4 .3 0  
a n d  4 .4 0 ) .  T h e  f i t  f u n c t i o n  is  d e s c r ib e d  b y  e q u a t i o n  4 .3 1 .
• M ethod 3: T h e  u p p e r  h a l f  o f  a  s in g le  G a u s s i a n  w a s  f i t t e d .  T h e  c e n t r e  p o s i t i o n  
o f  t h e  G a u s s i a n  w a s  f ix e d  a t  a  p o i n t  b a s e d  o n  t h e  p o s i t i o n s  o b t a i n e d  f o r  n e a r b y  
b in s  w i t h  m e t h o d s  1 a n d  2 . T h e  f i t  s e le c te d  t h e  h e i g h t  a n d  w i d t h  ( o p t i o n a l ,  
c a n  b e  f ix e d  b a s e d  o n  v a lu e s  f r o m  p r e v io u s  b in s )  o f  t h e  G a u s s i a n .  T h i s  m e t h o d  
w a s  u s e d  w h e r e  i n c o h e r e n t  c o n t r i b u t i o n s  d o m i n a t e d  t h e  p io n  e n e r g y  d i f f e r e n c e  
d i s t r i b u t i o n  s u c h  t h a t  n o  c l e a r  c o h e r e n t  p e a k  c o u l d  b e  o b s e r v e d  ( s e e  F ig u r e s  
4 .3 1  a n d  4 .4 2 ) ,  o r  t h e  s t a t i s t i c s  w e re  so  p o o r  t h a t  m e t h o d s  1 o r  2 c o u ld  n o t  g iv e  
s e n s ib le  f i t s  ( s e e  F i g u r e  4 .4 1 ) .  T h e  f i t  f u n c t i o n  is  d e s c r ib e d  in  e q u a t i o n  4 .3 1  w i t h  
A 2 = 0 , A q = 0  a n d  xc f ix e d .
•  M ethod 4 :  T w o  G a u s s i a n s  6 .5  M e V  a p a r t  a n d  a  F e r m i  f u n c t i o n  ( o p t i o n a l )  w e re  
f i t t e d ,  a l lo w in g  t h e  f i t  t o  d e t e r m i n e  t h e  h e i g h t s ,  t h e  c o m m o n  w i d t h  ( o p t i o n a l ) ,  
t h e  p o s i t i o n  o f  t h e  G a u s s i a n  f u n c t i o n  f o r  t h e  c o h e r e n t  p a r t  ( o p t i o n a l ) ,  a n d  t h e  
h e i g h t  o f  t h e  F e r m i  f u n c t i o n .  T h i s  m e t h o d  w a s  u s e d  f o r  160  o n ly  w h e r e  a n  
i n c o h e r e n t  p e a k  w a s  o b s e r v e d  o r  t h e  c o h e r e n t  p io n  e n e r g y  d i f f e r e n c e  d i s t r i b u t i o n  
w a s  b r o a d  d u e  t o  i n c o h e r e n t  c o n t r i b u t i o n s  f r o m  e x c i t e d  s t a t e ( s )  ( s e e  F ig u r e s
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4.32-4.35).
4.8 Determination of cross sections
The differential cross section for a particular range of photon energies and pion angles 
was calculated as follows:
da N^o F ^F tt
d £ l ^tagg P ^ T S  ^ T C  ^  1^77 -^det
(4.34)
where
N^o =  number of neutral pions detected in TAPS in that E7, 0„ range 
etagg = tagging efficiency for that E7
p = target density [Df f ]
N t s  — number of tagger scaler counts
N t c  =  number of tagger channels in the photon energy bin
Q = solid angle of the angular bin [sr]
r77 =  branching ratio of the decay (7r° —> 7  +  7 ) : 98.98 %
Additional corrections were required for TAPS detection efficiency (cdet, described 
in section 3.4) and for events due to neutral pions having been removed by the various 
cuts described earlier in this chapter - F77 is the correction for the cut on the time 
difference between the decay photon detection in TAPS and Ftt is the correction for 
the cut on the time difference between TAPS and the tagger.
Separate corrections for the conversion of the 7r° decay photons to e+e_ pairs in 
the target and their subsequent rejection by the analysis process were not needed as 
they were included in the detection efficiency calculations.
The total cross section was obtained by integrating the differential cross section. 
In practice this was done by summing over the angle bins.
(7 =  /  ^  27T ^-^(E ;7,07r)sin07r • A0* (4.35)
On
4.8.1 Experimental Uncertainties 
Statistical Uncertainties
The main statistical error is in the number of counts in the coherent region and was 
obtained from the error in the area of the coherent part of the pion energy difference 
distribution. This was obtained from the fitting procedure.
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Figure 4.43: D etection  efficiency sta tis tica l e rro r was obtained by looking at the 
variation at Ew = 135.0 M eV  with pion angle. The stars are for the 208Pb target and 
the filled squares are for 160 . The statistical error for lead is lower than that for 160  
as more events were simulated for this target. The effect of the target is visible by a 
reduction in the overall detection efficiency for 208Pb.
The detection efficiency was determined by a Monte Carlo procedure (see chapter 
3) and so also contained a statistical error. The simulation was performed for Ev =  
135.0 MeV and 0w =  0 — 180°. At this energy decay photons are back-to-back and their 
direction distribution is isotropic so the detection efficiency should be the same at all 
values of that it is not is a result of the statistical variation and so this can be used 
to get the statistical error. More events were simulated for 208Pb than for ieO (500,000 
compared with 100,000) and so the variation and hence the error is smaller for 208Pb 
(see Figure 4.43). The mean value of the detection efficiency was 3.307 ±  0.053 % for 
160  and 3.124 ±  0.018% for 208Pb. These were used to obtain the errors in detection 
efficiency for each f?7, 6n bin: if at some value of i£7, 6n, the calculated efficiency is 
bigger than the mean value at threshold (E7 =  135 MeV) by a factor / ,  then the 
number of detected pions is bigger by a factor /  and so the fractional error is smaller
The contributions to the error in the cross section from the fitting and the detection 
efficiency simulation were combined to produce the statistical errors shown in the cross 
section plots (Figures 5.2-5.19) and tables (Tables E .l-E .ll).
An uncertainty in the tagging efficiency exists from statistical variations in the 
value found for each tagger channel as discussed in section 4.2. Over the range of 
photon energies studied in the experiment described here, this uncertainty was ~  1 %. 
Since this is negligible compared with the other statistical errors discussed here it was
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not included in the calculation of the error in the cross sections.
Systematic Uncertainties
The main systematic error arose from the the subjective nature of the pion energy 
difference fitting process. For low f ?7 and 0V the non-coherent yield is small compared 
with the coherent resulting in energy difference spectra such as those shown in Figures 
4.29 and 4.39. Here the coherent peak position is known to a fraction of an MeV 
so the statistical error dominates with a systematic error of less than 1 %. With 
increasing Ey and 6n the uncertainty in the peak position increases to ~  2 MeV in 
the region 200 < Ey < 240 MeV above which it remains at around this level. The 
resulting systematic error in the cross sections changes dramatically with incident 
photon energy and pion angle and depends on the target and on the fit method used. 
Therefore it was not possible to tabulate it but examples are given below.
As discussed in section 4.7.2, the non-coherent yield increases with incident photon 
energy and pion angle. At high E7 and 9n no clear coherent peak is visible in the pion 
energy difference distributions. For 16O, a decision had to be made on whether to 
fit the coherent and the incoherent (fit method 4), or just the right hand side of the 
coherent at a fixed peak position (fit method 3). Figure 4.44 shows the importance of 
including the incoherent in the fit where possible. If it is excluded the fit gives a result 
that is neither coherent only nor coherent+incoherent but somewhere in between and 
the diffraction structure of the coherent cross section is partially or completely lost. 
In the first maximum region, fit method 3 results in a cross section 23 % larger than 
that from fit method 4. This increases with and in the second maximum region 
method 3 gives a cross section almost 130 % larger than method 4. The difference 
between the methods is largest in the minima regions where fit method 3 does not 
give any clear minima at all: in the first minimum region method 3 gives a cross 
section ~  390 % larger than that for method 4, and in the second minimum region 
this difference has increased to ~  450 %.
Figure 4.45 is the next incident photon energy bin up from Figure 4.44 and here 
neither fit produces a believable angular distribution. There is a difference of a factor 
of 2 between the two fit methods even in the region of the first maximum. The cross 
section from method 4 (Figure 4.45(a)) has a faster fall-off from the first maximum to 
the minimum than any of the theoretical predictions or any of the experimental cross 
sections for lower i£7 bins. Therefore, fit method 3 was used with the understanding 
that the non-coherent contribution to the resulting cross section was not negligible.
For 208Pb, fit method 3 was used for pion energy difference fits at energies as low as 
150 MeV (see section 4.7.2) due to a combination of poor statistics and the inability to 
separate the coherent yield from the incoherent yield from low-lying nuclear excited
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F ig u r e  4 .4 4 : Effect of pion energy difference fit type  on the  differential cross 
section for 160 :  F o r  3 2 0  <  <  3 4 0  M e V  t h e  c o h e r e n t  p e a k  p o s i t i o n  w a s  h a r d  t o
d e t e r m i n e ,  ( a )  T h e  c o h e r e n t  a n d  t h e  i n c o h e r e n t  w e r e  f i t t e d  f o r  a l l  a n g le s ;  f o r  0V > 25° 
t h e  c o h e r e n t  p e a k  p o s i t i o n  a n d  w i d t h  w e re  f ix e d ,  ( b )  T h e  c o h e r e n t  a n d  in c o h e r e n t  
w e re  o n ly  f i t t e d  f o r  9n <  2 5 ° ; f o r  a l l  o t h e r  a n g le s  t h e  c o h e r e n t  p e a k  p o s i t i o n  w a s  f ix e d  
a n d  a  G a u s s i a n  w a s  f i t t e d  t o  t h e  r i g h t  h a n d  s id e  o n ly .
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F i g u r e  4 .4 5 : Effect of pion energy difference fit type  on the  differential cross 
section for 160 :  F o r  3 4 0  <  E 1 < 3 6 0  M e V  t h e  c o h e r e n t  p e a k  p o s i t i o n  w a s  h a r d  t o  
d e t e r m i n e ,  ( a )  T h e  c o h e r e n t  a n d  t h e  i n c o h e r e n t  w e re  f i t t e d  f o r  a l l  a n g le s ;  f o r  9n > 15° 
t h e  c o h e r e n t  p e a k  p o s i t i o n  a n d  w i d t h  w e re  f ix e d ,  ( b )  T h e  c o h e r e n t  a n d  in c o h e r e n t  
w e r e  o n ly  f i t t e d  f o r  15°; f o r  a l l  o t h e r  a n g le s  t h e  c o h e r e n t  p e a k  p o s i t i o n  w a s  f ix e d  
a n d  a  G a u s s i a n  w a s  f i t t e d  t o  t h e  r i g h t  h a n d  s id e  o n ly .
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F ig u r e  4 .4 6 : Effect of the  pion energy difference peak position for fit m ethod 
3 on the  differential cross section for 208Pb: ( a )  f o r  3 0 0  <  E7 <  3 2 0  M e V  a n d
(b )  fo r  3 4 0  < E 1 < 3 6 0  M e V . T h e  p e a k  p o s i t i o n  o f  4  M e V  ( b la c k )  w a s  c h o s e n  b a s e d  
o n  t h e  p e a k  p o s i t i o n s  o b t a i n e d  w h e n  f i t  m e t h o d  1 w a s  u s e d  in  n e a r b y  b in s .
s t a t e s .  F o r  lhO , f i t  m e t h o d  3 w a s  o n ly  u s e d  f o r  E 7 >  3 4 0  M e V  (s e e  F ig u r e s  4 .3 1  
a n d  4 .4 2 ) .  T h e  a r e a  o f  t h e  f i t t e d  c o h e r e n t  p e a k  is  s t r o n g l y  d e p e n d e n t  o n  t h e  s e le c te d  
c o h e r e n t  p e a k  p o s i t i o n ,  p a r t i c u l a r l y  w h e n  t h e  c o h e r e n t  r e g io n  c o n s t i t u t e s  a  s m a l l  
f r a c t i o n  o f  t h e  t o t a l  y ie ld .  F ig u r e  4 .4 6  s h o w s  t h e  e f f e c t  o n  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  
fo r  208Pb  o f  s e le c t in g  p e a k  p o s i t i o n s  o f  3 , 4 , 5 a n d  7 M e V . T h e  s h a p e  o f  t h e  c r o s s  s e c t io n  
is  n o t  m u c h  a f f e c te d ,  i .e .  t h e  m a x i m a  a n d  m i n i m a  a r e  a t  t h e  s a m e  v a lu e s  o f  0n, b u t  
t h e  m a g n i t u d e  o f  t h e  c r o s s  s e c t io n  is  r e d u c e d  w i th  i n c r e a s i n g  c o h e r e n t  p e a k  p o s i t i o n .  
T h e  v a lu e  u s e d  fo r  t h e  f i t s  w a s  4  M e V  b a s e d  o n  t h e  p o s i t i o n s  o b t a i n e d  in  n e i g h b o u r i n g  
b in s  w i t h  c l e a r  c o h e r e n t  p e a k s .  D e c r e a s in g  t h e  p e a k  p o s i t i o n  t o  3 M e V  in c r e a s e s  t h e  
c r o s s  s e c t i o n  b y  4  %  a t  t h e  f i r s t  m a x im u m ,  b y  11 %  a t  t h e  f i r s t  m in i m u m  a n d  b y  8  %  
a t  t h e  t h i r d  m a x im u m  fo r  E 7 = 3 0 0  — 3 2 0  M e V . I n c r e a s in g  t h e  p e a k  p o s i t i o n  t o  5 M e V  
d e c r e a s e d  t h e  c r o s s  s e c t i o n  b y  r o u g h ly  t h e  s a m e  a m o u n t .  A t  h ig h e r  i n c id e n t  p h o t o n  
e n e r g ie s ,  t h e  e f fe c t  o f  t h e  p e a k  p o s i t i o n  o n  t h e  d i f f e r e n t i a l  c r o s s  s e c t io n  m a g n i t u d e  
w a s  g e n e r a l ly  s m a l l e r  - a  p e a k  p o s i t i o n  o f  3  M e V  in c r e a s e s  t h e  c r o s s  s e c t i o n  b y  2 %  a t  
t h e  f i r s t  m a x im u m ,  b y  5 %  a t  t h e  f i r s t  m in i m u m  b u t  b y  11 %  a t  t h e  t h i r d  m a x im u m  
fo r  E 7 =  3 4 0  -  3 6 0  M e V .
A n o t h e r  s o u r c e  o f  s y s t e m a t i c  e r r o r  is  f r o m  t h e  d e t e r m i n a t i o n  o f  t h e  p h y s ic a l  p o s i ­
t i o n  o f  t h e  d e t e c t o r  s y s t e m .  I t  is  i m p o r t a n t  t o  k n o w  t h e  p o s i t i o n  o f  t h e  d e t e c t o r s  a s  
a n y  u n c e r t a i n t y  le a d s  t o  a n  e r r o r  in  t h e  m e a s u r e d  m o m e n t a  o f  t h e  d e c a y  p h o t o n s  a n d  
h e n c e  t h e  r e c o n s t r u c t e d  m o m e n t u m  o f  t h e  p io n .  T h i s  w il l  a l s o  a f f e c t  t h e  c a l c u l a t i o n
R .  S a n d e r s o n P hD T h e s i s O c t o b e r  2 0 0 2
CHAPTER 4. DATA ANALYSIS 119
Table 4.6: Fraction of pions inside th e  cut:
160 208 pi)
D ata GEA N T D ata G EA N T
Fraction 0.7598 0.7557 0.4116 0.5188
of detection efficiency since the detectors in the simulation need to be positioned in 
the same places as the real detector system. However, since the reconstructed pion 
mass peak positions for the different block combinations are comparable for the exper­
imental and simulated data (see section 4.6.2 and Table 4.4), this effect is negligible. 
More significant is the effect of the reconstructed photon energies and positions. As 
described in sections 4.5 and 4.6.2, the reconstructed pion mass peak position was 
significantly lower for photons incident in neighbouring TAPS blocks. Corrections as 
detailed in these sections were applied to the data to reduce these differences but it 
is estimated that there remains a systematic error of ~  2 % in the pion mass. This 
will result in errors in the pion energy difference that vary with pion energy and the 
decay photon opening angle but these are already included in the discussion above.
Comparison of the simulated data with the experimental data identified another 
systematic error. Ideally the whole reaction process should be simulated and matched 
to the experimental data. However, as the simulations were only used to obtain de­
tection efficiencies this was not necessary but it was still important to check that 
agreement is obtained between simulated and experimental data. Therefore, a simu­
lation was performed for pions produced isotropically with energies chosen randomly 
in the range 135-400 MeV. Since the spectrum for the experimental data includes 
events from atomic processes that are not included in the simulation, and high energy 
atomic processes are mainly produced in the forward direction, the reconstructed pion 
mass spectra for events detected in the TAPS blocks only (i.e. excluding the forward 
wall) were compared. The simulated data spectrum was scaled for comparison with 
the experimental data (see Figure 4.47).
In the analysis, an event was classed as a pion only if its reconstructed pion 
mass was between 120 MeV and 150 MeV and in this region there is quite a good 
agreement between experimental data and simulation (Figures 4.47(b) and (c)) with 
the simulated data peak only slightly narrower than that of the experimental data. 
The fraction of pions inside the cut (i.e. ^^otaT no  ^ ^ ) o^r exPeriment al 
and the simulated data were compared and are given in Table 4.6. This indicates that 
for 16O the detection efficiencies are ~  0.5 % too small but for 208Pb the indication 
is that they are ~  26% too big. However, the 208Pb experimental data contains a 
much greater proportion of background events than the 16O data due to its greater 
nuclear size. Even away from forward angles there is clearly still a lot of atomic 
background (see Figure 4.47(b)). Therefore, the true data-simulation comparison
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F ig u r e  4 .4 7 : Com parison of sim ulation w ith  data: R e c o n s t r u c t e d  p io n  m a s s  
s p e c t r a  f o r  e x p e r i m e n t a l  d a t a  ( b la c k )  a n d  s i m u l a t i o n  ( r e d ) .  T h e r e  is  a  r e a s o n a b l e  
m a t c h i n g  b e tw e e n  d a t a  a n d  s i m u l a t i o n  in  t h e  c u t  r e g io n  ( d e n o t e d  b y  t h e  b lu e  l in e s )  
w i th  t h e  s i m u l a t i o n  ( F W H M : 160  =  1 2 .0  M e V ; 208Pb =  1 4 .0  M e V ) s l i g h t ly  n a r r o w e r  
t h a n  t h e  d a t a  ( F W H M : 160  =  1 4 .0  M e V ; 208Pb =  1 4 .5  M e V ) .
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Graph of Counts versus Channel Number for Bicron Nal
Source at two d istances from the front face of the detector
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F i g u r e  4 .4 8 : N al spectrum  from 60C o  calibration: T h e  p e a k s  f r o m  t h e  tw o  g a m m a  
d e c a y s  o f  t h i s  s o u r c e  a r e  c l e a r ly  d i s t i n g u i s h a b l e .
w i t h  a t o m i c  p r o c e s s e s  r e m o v e d  w o u ld  p r o b a b l y  b e  m o r e  lik e  t h a t  f o u n d  f o r  160  s in c e  
t h e r e  is  n o  r e a s o n  t o  e x p e c t  t h e  s i m u l a t i o n  to  b e  le s s  s u c c e s s f u l  f o r  208Pb  t h a n  f o r  160 ; 
b o t h  t a r g e t s  w e re  o f  s i m i l a r  th ic k n e s s e s  in  t e r m s  o f  r a d i a t i o n  l e n g th s .  T h i s  e r r o r  is  
n e g l ig ib le  c o m p a r e d  w i th  t h e  o t h e r  e r r o r s  d i s c u s s e d .
A  s y s t e m a t i c  e r r o r  e x i s t s  in  w e ig h in g  t h e  t a r g e t  a n d  m e a s u r i n g  i t s  s u r f a c e  a r e a  
t o g e t h e r  w i t h  t h e  d e t e r m i n a t i o n  o f  t h e  t a r g e t  p o s i t i o n  w i t h  r e s p e c t  t o  t h e  T A P S  
d e t e c t o r  a r r a y  a n d  t h e  t a r g e t  a n g le  wri t h  r e s p e c t  t o  t h e  b e a m .  T h e  160  t a r g e t  w a s  
d e s ig n e d  s u c h  t h a t  i t  w o u ld  f i t  in to  t h e  b e a m - p i p e  a t  9 0 °  a n d  t h e  208Pb  t a r g e t  h o ld e r  
w a s  b u i l t  t o  h o ld  i t  a t  4 5 °  t o  t h e  b e a m .  C o m b in in g  th e s e  t h r e e  c o n t r i b u t i o n s  g iv e s  a n  
u n c e r t a i n t y  f o r  t h e  t a r g e t  d e n s i ty  o f  le s s  t h a n  1 %  fo r  t h e  o x y g e n  t a r g e t  a n d  n e a r e r  
t o  t h e  2 %  le v e l  f o r  le a d .
4.9 Sodium Iodide D etectors
T h e  s o d iu m  io d id e  ( N a l )  d e t e c t o r s  w e re  c a l i b r a t e d  w i th  a  60Co  s o u r c e .  T h e  60C o  
n u c l e u s  is  a n  u n s t a b l e  i s o t o p e  t h a t  /3 -d e c a y s  i n t o  60A T. T h e  r e s u l t i n g  60A T n u c le u s  
is  u s u a l ly  in  a n  e x c i t e d  s t a t e  a n d  q u ic k ly  d e c a y s  in to  a  s t a b l e  s t a t e  b y  e m i t t i n g  a  
1 .1 7 3  M e V  7 - r a y  fo l lo w e d  b y  a  1 .3 3 2  M e V  7 - r a y .  T h e  N a l  r e s o l u t i o n  is  g o o d  e n o u g h  
t o  g iv e  tw o  d i s t i n g u i s h a b l e  p e a k s  a n d  a  s u m  p e a k  a s  c a n  b e  s e e n  in  F ig u r e  4 .4 8 . 
T h e  b a c k g r o u n d  is  g r e a t e r  f o r  t h e  m e a s u r e m e n t  m a d e  a t  a  s o u r c e  t o  N a l  d i s t a n c e  o f  
2 9 5  m m  t h a n  t h a t  m a d e  a t  4 3  m m  d u e  t o  t h e  in c r e a s e  in  t h e  n u m b e r  o f  d e c a y  p h o t o n s
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Figure 4.49: B icron N al T im e Spectrum .
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Figure 4.50: The first few excited nuclear sta tes for ieO and 208Pb.
that only clip the corners of the Nal crystal and as a result only deposit a fraction 
of their energy. From this calibration the energy resolution for the Nal detectors 
was calculated to be 5 %(FWHM) for the Bicron and 6 %(FWHM) for the Harshaw 
detector.
The time spectra from the Bicron Nal from the 16O and the 208Pb data are shown 
in Figure 4.49. A peak containing events coincident with the TAPS trigger is clearly 
visible for both targets.
The first few excited states of 160  and 208Pb are shown in Figure 4.50(a) and (b) 
respectively. The first excited state of 160  is at 6.049 MeV but the decay from this 
state is via e+e~ production and so will not be detected by the Nal detectors. The 
first excited state in 208Pb is only 2.6 MeV above the ground state. There are many 
states close together in this nucleus due to its much greater number of protons and
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neutrons.
The energy spectra from the Nal detectors for both targets are shown in Figure 
4.51(a) and (b) respectively. The events in these spectra were detected in coincidence 
with the TAPS trigger and are associated with a pion energy difference in the region 
-40 to +20 MeV. The spectra from both Nal detectors are similar. Both targets give 
spectra with considerable low energy background above which it is difficult to discern 
peaks indicating population of low lying states. For 160  a peak in the range 6-7 MeV 
would be expected from decay photons from the incoherent process and there is some 
evidence of a yield above the background at around 6.5 MeV. The first excited state 
of 160 , the 6.05 MeV (0+) state, will not be seen in the Nal spectra since it decays to 
e+e~. Therefore, this ’peak’ at 6.5 MeV could be from any of the next three states. 
For 208Pb a peak in the range 2.5-4 MeV would be expected and there is maybe a 
hint of something at about 3 MeV in the Bicron Nal. Again it is not possible to 
separate individual states as they are too close together. Both targets give very few 
counts above 8 MeV which suggests that the cross section for excitation to any of 
the higher energy excited states such as the 8.8719 MeV state in 160  is small. The 
number of counts in the observed peaks are so small compared to the background that 
no estimate of the incoherent cross section to any gamma decaying states was made 
based on these spectra.
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F ig u r e  4 .5 1 : N al Energy Spectra: ( a )  T h e r e  is  m a y b e  a  b u m p  a r o u n d  6 M e V  t h a t  
w o u ld  i n d i c a t e  t h e  lo w  ly in g  s t a t e s  in  160  b u t  i t  is  n o t  p o s s i b le  t o  s e p a r a t e  th e s e  
s t a t e s ;  (b )  T h e r e  is  m a y b e  a  b u m p  a r o u n d  3 M e V  t h a t  w o u ld  i n d i c a t e  t h e  lo w  ly in g  
s t a t e s  in  208Pb, a g a in  i t  is  n o t  p o s s ib le  t o  s e p a r a t e  th e s e  s t a t e s .  ( T h e  u p p e r  s p e c t r u m  
is  f r o m  t h e  B ic r o n  N a l  d e t e c t o r  a n d  t h e  lo w e r  is  f r o m  t h e  H a r s h a w . )
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Results and Discussion
5.1 Oxygen-16
5.1.1 Comparison with Previous Measurements
Only one previous measurement on 16O has been found in the literature [59] and that 
was performed at pion angles below 10° using a bremsstrahlung beam, producing 
only four data points of the differential cross section at incident photon energies in 
the A resonance region. The pion decay photons were detected in a 7r° spectrome­
ter, consisting of two Pb-glass detectors with lead collimators and scintillation veto 
counters, with its acceptance limited to small pion angles so that only the coherent 7r° 
production would contribute. Figure 5.1 shows the comparison between these results 
and the present experiment. The statistical accuracy and pion energy resolution is 
much better in the present work and the data points are significantly below those of 
Bellinghausen et al.. The difference between the two measurements increases with 
Ej indicating that the earlier experiment may contain contributions from incoherent 
processes. Although incoherent contamination has been mainly discussed as a prob­
lem at backward angles where the coherent cross section is small, it could also be a 
problem at very forward angles for the same reason.
Neither set of measurements is well described by the theoretical predictions. No 
interpretation of this is offered since in this small 6n region, we do not have even 
a qualitative indication of the sensitivity of the theoretical predictions to the input 
parameters of the models. The two data points for the present experiment for 340 < 
E1 < 380 MeV are significantly below the measurements at lower E1. This is also 
observed in the total cross section and is discussed in the next section.
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Figure 5.1: D ifferential cross section for 16O a t 0^c =  10°: Black-present exper­
iment; magenta-data from Bellinghausen et al. [59]; red-PWIA; green-DWIA; blue- 
DREN. All theoretical predictions from [79].
5.1.2 Comparison with Theoretical Predictions
Figure 5.2 shows the total cross section for 160  and Figures 5.3-5.7 show the differential 
cross sections for 160 . The errors bars shown are statistical. The present experimental 
results are compared with the theoretical model predictions using the PWIA, DWIA, 
and DREN calculations of Kamalov [79] (see section 1.3).
The theoretical model predictions were made for discrete values of incident photon 
energy E7, with E^ in 10 MeV steps between 140 MeV and 380 MeV. These predictions 
were averaged to correspond to the E1 bins used in the experiment for all Ey bins 
except 135 < jF7 < 140 MeV. No theoretical calculations were available in this region 
so the theoretical values were extrapolated to threshold assuming that the shape of 
the angular distribution is more or less constant at E^ < 140 MeV.
The differential and total cross sections for 16O show the expected characteristics. 
The total cross section (Figure 5.2) increases with E1 from zero at the neutral pion 
photoproduction threshold to a maximum value at about E7 = 210 MeV, around 
80 MeV below the A resonance, and then decreases with increasing E7.
The differential cross sections (Figures 5.3-5.7) have a diffraction-like shape with 
one or more maxima separated by minima. A first minimum and a second maximum 
appear for i?7 > 190 MeV and a second minimum and third maximum appear at 
I?7 > 300 MeV. The positions of the maxima and minima in the differential cross 
sections for the experimental data and the theoretical predictions are given in Tables 
5.1-5.3. The magnitudes of the maxima decrease with increasing pion angle. The 
magnitude of the first maximum increases with E1 up to a value of ~  2000 jib/sr and
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F ig u r e  5 .2 : In tegra ted  cross section for 160 :  B la c k  -  p r e s e n t  e x p e r i m e n t ;  r e d -  
P W I A ;  g r e e n - D W I A ;  b lu e - D R E N .  A ll t h e o r e t i c a l  p r e d i c t i o n s  f r o m  [79].
R .  S a n d e r s o n P h D  T h e s i s O c t o b e r  2 0 0 2
CHAPTER 5. RESULTS AND DISCUSSION 128
c
10
1 5 05 0 1000 5 0 100 1 5 0
1 3 5 < E T<  1 4 0  MeV 1 4 0 < E v<  1 4 5  MeV
tn
c-o
bT)
-110 100 150 0.05 0 5 0 100 1 5 00
1 4 5 < E t <  1 5 0  MeV 1 5 0 < E >< 1 5 5  MeV
F ig u r e  5.3: Differential cross sections for 160 : B la c k  - p r e s e n t  e x p e r im e n t ;  r e d -  
P W I A ;  g r e e n - D W I A ;  b lu e - D R E N .  T h e  t h e o r e t i c a l  p r e d i c t i o n  f o r  135 < E-y < 140 M e V  
is  t h e  a d j u s t e d  c a l c u l a t i o n  f o r  E-y = 140 M e V  a s  d e s c r i b e d  in  t h e  t e x t .  A ll  t h e o r e t i c a l  
r e s u l t s  f ro m  [79].
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F ig u r e  5 .4 : D ifferential cross sections for ie O :  B la c k  - p r e s e n t  e x p e r i m e n t ;  r e d -  
P W I A ;  g r e e n - D W I A ;  b lu e - D R E N .  A ll  t h e o r e t i c a l  p r e d i c t i o n s  f r o m  [T9].
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F ig u r e  5 .5 : Differential cross sections for 160 : B la c k  - p r e s e n t  e x p e r i m e n t ;  re d -  
P W I A ;  g r e e n - D W I A ;  b lu e - D R E N .  A ll t h e o r e t i c a l  p r e d i c t i o n s  f r o m  [79].
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F i g u r e  5 .6 : Differential cross sections for 160 : B la c k  - p r e s e n t  e x p e r im e n t ;  r e d -  
P W I A ;  g r e e n - D W I A ;  b lu e - D R E N .  A ll  t h e o r e t i c a l  p r e d i c t i o n s  f r o m  [79].
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F ig u r e  5 .7 : Differential cross sections for 160 :  B la c k  - p r e s e n t  e x p e r i m e n t ;  r e d -  
P W I A ;  g r e e n - D W I A ;  b lu e - D R E N .  A ll  t h e o r e t i c a l  p r e d i c t i o n s  f r o m  [79].
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Table 5.1: Positions of the  first m axim um  and first m inim um  in th e  differ- 
en tial cross section for 160 .____________________________________________
On (°)
F irst m ax F irst m in
[MeV] Experim ent PW IA DW IA DREN Experim ent PW IA DW IA D REN
135-140 78±2 76.5 76.5 77
140-145 68±2 68 68 69
145-150 68±2 65 66 66
150-155 63±2 61 61.5 62
155-160 58±2 58 59 59
160-170 53±2 55 54 55 155±5
170-180 48±2 53 50 50 140±10
180-190 48±2 50 46 46 130±10
190-200 45±2 44 43 43 115±2 - 123 123
200-220 40±2 40 39 39 103±2 123 107 108
220-240 33±2 36 34.5 35 88±2 103 92 92
240-260 30±2 33 31 31 78±2 90 80 80
260-280 30±2 30 28 29 68±2 81 71 72
280-300 25±2 27 25 27 68±2 73 65 66
300-320 23±2 25 23 25 58±2 68 60 61
320-340 23±2 23 22 23 58±2 63 57 57
340-360 20±2 22 20 21 48±2 58 54 53
360-380 18±2 21 19 20 48±2 56 50 50
remains at around that value for E7 > 220 MeV.
The PWIA does not provide a good description of the experimental data. The 
total cross section for the PWIA is a factor of ~  0.8 smaller than the experimental 
data close to threshold. At E7 «  175 MeV the PWIA total cross section becomes 
larger than the experimental data, and with increasing E7 the difference between the 
two increases to a factor of ~  4 in the A region (around 300 MeV). In the differential 
cross sections, the positions of the minima appear at systematically lower angles in 
the experimental data than in the PWIA calculation.
The DWIA gives a better description of the experimental data than the PWIA, 
demonstrating the importance of including the final state interaction (FSI) in the 
description of the pion production process. As discussed in section 1.3, the DWIA 
approach increases the predicted cross section in the threshold region (due to the at­
tractive p-wave pion-nucleus interaction). A strong imaginary potential is introduced 
in the A region which describes the absorption of the pion in the nucleus and brings 
the predicted total cross section closer to the experimental data. The FSI shifts the 
diffraction minima in the differential cross sections to lower angles than those obtained 
for the PWIA and closer to those in the experimental data. The attractive nature of 
the FSI also enhances the cross section at backward angles and results in a second
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Table 5.2: Positions of the second maximum and second minimum in the
differential cross section for 16Q.
07T(°)
Ey Second m ax Second m in
[MeV] Experim ent PW IA DW IA D REN Experim ent PW IA DW IA D REN
190-200 138±2 - 144 145
200-220 128±2 140 134 134
220-240 115±2 127 116 117
240-260 93±2 114 101 102
260-280 93±2 102 90 91 133 135
280-300 80±2 92 80 82 - - 116 119
300-320 68±2 84 71 74 103±10 - 101 104
320-340 68±2 78 65 69 93±2 - 92 95
340-360 53±2 73 62 64 88±10 - - 92
360-380 53±2 70 61 62 93±5 - - -
Table 5.3: Positions of the third maximum in the differential cross section  
for 160 . ___________________________________________
8*  (°)
Ey T hird m ax
[MeV] E xperim ent P W IA D W IA D R E N
260-280 - - 151 152
280-300 - - 130 133
300-320 118±10 - 114 118
320-340 103±2 - 105 109
340-360 95±5 - - 99
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minimum and a third maximum not predicted in the PWIA. There is some evidence 
of these in the experimental data.
The DWIA model gives the best description of the experimental data in the thresh­
old region up to E1 «  170 MeV above which the DREN model gives the best descrip­
tion, particularly in the A resonance region. The DREN model takes account of 
the medium modifications of the A resulting in a shift in the maximum of the total 
cross section from 300 MeV to 250 MeV. The present measurement indicates a shift 
to ~240 MeV and thus indicates that the A mass used in this model perhaps needs 
some modification. The agreement with the DREN is very good up to < 320 MeV. 
The E,y bins above this correspond to the region where the pion energy difference fits 
were particularly difficult (see section 4.8.1) and so may reflect a problem with the 
experimental data rather than the model. The total cross section for E7 > 320 MeV 
for the experimental data is almost 20 % lower than the DREN prediction. If the 
experimental total cross section is too low it must be because the experimental data 
in the regions between the first maximum and first minimum is too low (see Figure 
5.7). However, the angular distribution shape varies smoothly with pion angle which 
hints that the maxima are systematically at smaller values of 6v than the DWIA and 
the DREN theories predict. Increasing the experimental cross section in the region 
between the first maximum and minimum would result in an “odd” shape for the dif­
ferential cross section which is hard to justify based on the shape of the cross sections 
at lower incident photon energies.
The position of the first maximum in the differential cross sections (see Table 5.1) 
is in reasonable agreement with those predicted by the DWIA and DREN models 
(there is little difference in the positions for these two models). There is a definite 
indication in the experimental data that the first minimum in the cross section appears 
at a lower than any of the theoretical predictions would suggest; there is evidence 
of this minimum for E1 > 160 MeV in the experimental data but the DWIA does 
not predict it until E7 > 190 MeV (see Figure 5.4). The shift in the position of the 
first minimum to a smaller pion angle for the DWIA compared with the PWIA is 
largest in the lowest incident photon energy bins where it first appears; for example, 
for 200 < Ery < 220 MeV the difference in position is almost 20° but by 320 < Ey < 
340 MeV the difference is down to only 6° (see Table 5.1). The shift in position in 
the experimental data is even larger; for 200 < < 220 MeV it is shifted a further
10° compared with the DWIA. This suggests that the 7r°-nuclear potential is more 
attractive than assumed by the theory, i.e. the real part of the optical potential is too 
weak.
The position of the second maximum is generally at a lower pion angle than pre­
dicted by the DWIA and DREN. The second and third minima were harder to identify
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and thus there is only one accurate measurement for each but this indicates agreement 
with the theories.
The magnitude of the second maximum is quite well described by the DREN 
except in the incident photon energy regions 200 < Ey < 260 MeV where the DREN 
is too small by a factor of up to 2.5 (see Figure 5.5). In this region the pion energy 
difference spectra were fitted with method 4 with a fixed peak position and width as 
the coherent peak was not easily identified (see section 4.7.2 and Appendix C). It is 
possible that a different choice of these parameters would have reduced this difference. 
However, they were chosen based on the values obtained from fits where the coherent 
peak was easily identified and although a number of different fits were tried the ones 
chosen gave the most sensible (cross section has the correct shape) and consistent 
(no sudden shifts in peak position or width) results. The difference between theory 
and experiment suggests that the real part of the optical potential is too weak since 
this corresponds to the region where the sensitivity to the 7r°-nuclear interaction is 
greatest (i.e. the difference between the PWIA and the DWIA).
The minima in the differential cross sections for E.y > 340 MeV are not as deep 
as those predicted by the theoretical models. In this energy region the best fitting 
method that could be applied to the pion energy difference spectra was fit method 3 
(see section 4.7.2 and Appendix C) and clearly this includes yield from non-coherent 
processes that “fill-in” the minima. However, as discussed in section 4.8.1, this was the 
best that could be done with the available experimental data. The example shown in 
Figure 4.45 clearly shows that none of the fitting methods described earlier could give 
a reasonable looking cross section, there is simply not a good enough separation of 
the coherent process. For 155 < < 340 MeV, the incoherent yield from the nuclear
excitation process(es) around 6.5 MeV was fitted along with the coherent yield (see 
section 4.7.2) and this has produced coherent differential cross section minima almost 
as sharp as the theoretical predictions. The incoherent yield is discussed in more 
detail in the next section.
5.1.3 Incoherent 7 T °  Photoproduction
The nuclear excited state pion photoproduction process is expected to contribute to 
the total pion photoproduction yield but, as shown in Figure 4.51(a), the Nal spectra 
failed to identify nuclear decay photons from any particular nuclear excited state. 
However, as described in section 4.7.2, a peak attributed to an excited nuclear state(s) 
was identified in the pion energy difference spectra. Fits were made to the pion energy 
difference spectra for the coherent and the incoherent yield where possible. Differential 
cross sections were obtained for both and are given in Figures 5.8-5.10 which clearly 
demonstrate that the incoherent yield would “fill-in” in the minima in the coherent
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F ig u r e  5 .8 : Differential cross section for 160 :  C o m p a r i s o n  o f  c o h e r e n t  ( b la c k )  a n d  
in c o h e r e n t  ( r e d ) .
d i f f e r e n t ia l  c r o s s  s e c t io n s  i f  i t  w a s  n o t  s u c c e s s f u l ly  s e p a r a t e d .
T h e r e  a r e  n o  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  in c o h e r e n t  n e u t r a l  p io n  p h o t o p r o d u c t i o n  
o n  160  in  t h e  l i t e r a t u r e  b u t  a n  i n d i c a t i o n  o f  t h e  t r e n d s  t o  b e  e x p e c t e d  c a n  b e  o b t a i n e d  
f ro m  t h e  c a l c u l a t i o n s  fo r  12C  fo r  w h ic h  s o m e  m e a s u r e m e n t s  o f  t h e  n o n - c o h e r e n t  c r o s s  
s e c t io n s  a r e  a v a i la b le .  A r e n d s  e t  a l .  m e a s u r e d  t h e  n o n - c o h e r e n t  y ie ld  f r o m  l2C  b u t  
o n ly  fo r  e v e n ts  t h a t  r e s u l t e d  in  t h e  b r e a k - u p  o f  t h e  n u c l e u s  [6]. H o w e v e r ,  t h i s  g a v e  
d i f f e r e n t ia l  c r o s s  s e c t io n s  t h a t  w e re  a l m o s t  i n d e p e n d e n t  o f  a n g l e  w i th  a  s l i g h t  d e c r e a s e  
a t  f o r w a r d  a n g le s .  T a k a k i  e t  a l .  p e r f o r m e d  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  i n c o h e r e n t  7r° 
p h o to p r o d u c t i o n  o n  12C  u s in g  t h e  A - h o le  a p p r o a c h  [26]. T h e y  w e re  s u r p r i s e d  t o  f in d  
t h a t  t h e  i n c o h e r e n t  c r o s s  s e c t io n s  w e re  n o t  n e g l ig ib le  c o m p a r e d  w i t h  t h e  c o h e r e n t  
c r o s s  s e c t io n s .  F o r  e x a m p le ,  in  p io n - n u c l e u s  s c a t t e r i n g  t h e  p e a k  v a lu e s  o f  t h e  e l a s t i c  
a n d  in e la s t i c  2 + (4 .4  M e V ) d i f f e r e n t i a l  c r o s s  s e c t io n s  d if f e r  b y  tw o  o r d e r s  o f  m a g n i t u d e .  
H o w e v e r , in  t h e i r  7r°  p h o t o p r o d u c t i o n  c a l c u l a t i o n ,  t h e  c o h e r e n t  c r o s s  s e c t i o n  w a s  o n ly
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F ig u r e  5 .9 : Differential cross section for 160 :  C o m p a r i s o n  o f  c o h e r e n t  ( b la c k )  a n d  
in c o h e r e n t  ( r e d ) .
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F ig u r e  5 .1 0 : Differential cross section for 160 :  C o m p a r i s o n  o f  c o h e r e n t  ( b la c k )  
a n d  in c o h e r e n t  ( r e d ) .
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six times larger than the incoherent cross section to the 2+ state in the region of 
the main coherent peak and fell below it when the region of the first minimum was 
reached. This different behaviour was shown to be due to the interplay of the nuclear 
form factors and the elementary pion and photon amplitudes.
The shapes of the coherent and incoherent angular distributions are largely de­
termined by their proportionality to the appropriate form factors and to sin2 0* (see 
section 1.3.1). The coherent form factor has its maximum at zero momentum transfer 
but the transition form factor, describing the incoherent process, rises from zero at 
q = 0. As a result the maxima and minima should appear at somewhat larger values 
of Off in the incoherent process, and the sin2 0* factor therefore increases its relative 
strength. These general trends are seen in the experimental data presented here. 
The incoherent cross section is significant even in the region of the first maximum in 
the coherent cross section and dominates at large pion angles. However, unexpected 
structure is observed in the incoherent cross sections, in particular a deep minimum 
in the cross section at 0* ~  50° for photon energies of 170-220 MeV with weaker 
angular variations at other photon energies. This minimum can not be attributed 
to the transition form factor to any of the four excited states in the 6-7 MeV region 
(0+, 1~, 2+ and 3_); these form factors have been measured by Buti et al. [119] and 
in all cases the first minimum occurs at the same or higher momentum transfer than 
observed for the elastic form factor, q — 1.60 fm-1 (see Figure 1.2).
It is thought that the incoherent cross sections (Figures 5.8-5.10) are affected by 
significant systematic errors caused by the variation in position and shape of the 
coherent peak in the pion energy difference spectrum as the pion angle and photon 
energy are varied. This makes it difficult to extract the incoherent strength especially 
when it is small compared to that of the coherent process. In particular, it is thought 
that (i) the minimum in the incoherent cross section at Off ~  50° is spurious, (ii) the 
incoherent cross section at somewhat smaller angles, 0„ ~  30°, is too high and (iii) the 
“ripples” in the cross section above 50° are also suspect. These comments are based 
on a more detailed inspection of the pion energy difference fits reported in Appendix 
D.
The effect of the problems with fitting the incoherent peak on the cross section 
for the coherent process was estimated to be ~  10 % in a small number of cases but 
generally much less. This is a major improvement compared to almost all previous 
measurements in which an indeterminate fraction of the measured “coherent” cross 
section is due to the unresolved incoherent yield.
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5.2 Lead-208
The cross sections at all incident photon energies for 208Pb are larger and show more, 
well defined minima than those for 160  as a consequence of its larger nuclear size. 
Since the energy difference resolution was not good enough to separate incoherent, 
contributions from low-lying nuclear excited states, the fitting process was carried out 
using only a coherent peak. The “coherent” differential cross sections produced in 
this way will therefore contain some contribution from the incoherent yield, when it 
is significant.
5.2.1 Comparison with Previous Measurements
Figures 5.11-5.13 show the differential cross sections for the preliminary data from 
Krusche et al. [69] compared with the present result for E.7 =  200 MeV (a weighted 
average of the results for 190 < 2£7 < 200 MeV and 200 < E1 < 220 MeV was used to 
obtain this distribution), 280 < E7 < 300 MeV, and 340 < E7 < 360 MeV and with 
theoretical predictions from [79]. The diffraction-like structure is better defined in 
the present experimental data. The statistical accuracy and pion energy resolution is 
better in the present work and whereas the differential cross sections in the Krusche 
et al. data were obtained down to ~  10fib , they are obtained down to ~  1 fib in 
the present experimental data at the two lower photon energies. At backward pion 
lab angles, the differential cross sections from the present experimental data were 
generally smaller and the minima are sharper than those from reference [69]. At 
E~f = 290 MeV there is a clear third maximum in the present experimental data that 
is not present in the reference [69] data. Likewise at E1 =  350 MeV, the second 
maximum and minimum are better defined and there is even a hint of the third 
maximum. These changes result from the improved resolution which reduces the 
unwanted incoherent contribution to the coherent cross section. As a result, the 
overall shape of the differential cross sections from the present measurement also 
agrees better with the theoretical predictions than those from reference [69].
The angles of the maxima and minima in the two sets of data are in reasonable 
agreement as is shown in Table 5.4. However, a closer examination suggests that 
there are statistically significant differences in the shape of the cross section rising 
from ~  10 % at E1 — 200 MeV to ~  35 % at 350 MeV. These differences at small pion 
angles can not be attributed to the incoherent contribution and are more likely to be 
the combined result of systematic errors in the 7r° detection efficiencies used in both 
experiments. It is probably relevant that the layout of the TAPS blocks was very 
different in the present work and the earlier experiment [69], with the block positions 
at forward angles in the present work corresponding to the spaces between blocks in
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F ig u r e  5 .1 1 : D i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  208Pb a t  E 1 =  2 0 0  M e V :  B l a c k - p r e s e n t  
e x p e r im e n t ;  m a g e n t a  - d a t a  f r o m  [69]; r e d - P W I A ;  g r e e n - D W I A ;  b lu e - D R E N .  A ll  t h e ­
o r e t i c a l  r e s u l t s  f r o m  [79].
T a b le  5 .4 : C o m p a r i s o n  o f  t h e  a n g l e s  o f  t h e  m a x i m a  a n d  m i n i m a  i n  t h e  
d i f f e r e n t i a l  c r o s s  s e c t i o n s  o f  t h e  p r e s e n t  e x p e r i m e n t  a n d  t h e  p r e l i m i n a r y  
d a t a  o f  r e f e r e n c e  [691-______________________________________________________________________
0 .  [°]
£ 7 =  20 
Glasgow
0 M eV  
R ef [69]
£ 7 =  29 
G lasgow
0 M eV  
R e f [69]
F 7 =  35 
G lasgow
0 M eV  
R e f [69]
First m axim um 17±2 19±2 10±2 11±2 9±2 11±2
First m inim um 39±2 41±2 23±2 27±2 19±2 21±2
Second m axim um 51±2 53±2 32±2 35±2 25±2 -
Second m inim um 70±2 - 43±2 43±2 35±2 -
Third m axim um - - 49±2 - 42±2 -
Ft. S a n d e r s o n P hD T h e s i s O c t o b e r  2 0 0 2
CHAPTER 5. RESULTS AND DISCUSSION 143
G l a s g o w
K r u s c h e
PWIA
DWIA
DREN
F ig u r e  5 .1 2 : Differential cross section for 208Pb a t E 1 = 2 9 0  MeV: B l a c k - p r e s e n t  
e x p e r im e n t ;  m a g e n t a  -  d a t a  f r o m  [69]; r e d - P W I A ;  g r e e n - D W I A ;  b lu e - D R E N .  A ll  t h e ­
o r e t i c a l  r e s u l t s  f r o m  [79].
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F ig u r e  5 .1 3 : Differential cross section for 208Pb  a t E 1 =  3 5 0  MeV: B la c k - p r e s e n t  
e x p e r im e n t ;  m a g e n t a  - d a t a  f r o m  [69]; r e d - P W I A ;  g r e e n - D W I A ;  b l u e - D R E N .  A ll  t h e ­
o r e t i c a l  r e s u l t s  f r o m  [79].
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F ig u r e  5 .1 4 : In tegrated  cross-section for 208Pb: B la c k  - p r e s e n t  e x p e r im e n t ;  r e d  
- D W IA ; g r e e n  - D W I A ; b lu e :  D R E N .  A ll t h e o r e t i c a l  r e s u l t s  f r o m  [79]. ( F o r  1 4 0  <  
E 1 < 150  M e V  t h e  D W I A  a n d  D R E N  p r e d i c t i o n s  a r e  i d e n t i c a l . )
t h e  e a r l i e r  w o rk .
5.2.2 C om parison w ith  T heoretica l P red ictions
F ig u r e  5 .1 4  s h o w s  t h e  t o t a l  c r o s s  s e c t io n  f o r  208Pb a n d  F ig u r e s  5 .1 5 -5 .1 9  s h o w  t h e  
d i f f e r e n t i a l  c r o s s  s e c t io n s .  T h e  e r r o r s  b a r s  s h o w n  a r e  s t a t i s t i c a l .  T h e  d a t a  a r e  c o m ­
p a r e d  w i th  t h e  t h e o r e t i c a l  m o d e l  p r e d i c t i o n s  u s in g  t h e  P W I A ,  D W I A ,  a n d  D R E N  
c a l c u l a t i o n s  o f  K a m a lo v  [79] ( s e e  s e c t i o n  1 .3 ) .
T h e  t h e o r e t i c a l  m o d e l  p r e d i c t i o n s  w e re  m a d e  f o r  d i s c r e t e  v a lu e s  o f  i n c id e n t  p h o t o n  
e n e r g y  jE7 , w i th  E 7 in  10 M e V  s t e p s  b e tw e e n  1 4 0  M e V  a n d  3 8 0  M e V . T h e s e  p r e d i c t i o n s  
w e re  a v e r a g e d  to  c o r r e s p o n d  t o  t h e  E 7 b in s  u s e d  in  t h e  e x p e r i m e n t  f o r  a l l  E 7 b in s .
T h e  t o t a l  a n d  d i f f e r e n t i a l  c r o s s  s e c t io n s  f o r  208Pb  s h o w  t h e  e x p e c t e d  g e n e r a l  c h a r ­
a c t e r i s t i c s .  T h e  t o t a l  c r o s s  s e c t io n  ( F ig u r e  5 .1 4 )  in c r e a s e s  w i t h  E1 t o  a  m a x im u m
R. S a n d e r s o n P hD T h e s i s O c t o b e r  2 0 0 2
CHAPTER 5. RESULTS AND DISCUSSION 146
10
05 0 1 5 0 5 00 100 100
1 4 0 < E V<  1 4 5  MeV 1 4 5 < E y<  1 5 0  MeV
c:
10
0 2 5 5 0 7 52 5 5 0 7 5 1000
1 5 0 < E V<  1 5 5  MeV 1 5 5 < E , <  1 6 0  MeV
F ig u r e  5 .1 5 : Differential cross-sections for 208Pb: B la c k  - p r e s e n t  e x p e r im e n t ;  r e d  
- D W I A ; g r e e n  - D W I A ; b lu e :  D R E N .  A ll  t h e o r e t i c a l  r e s u l t s  f r o m  [79].
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F i g u r e  5 .16 :  Differential cross-sections for 208Pb: B l a c k  - p r e s e n t  e x p e r i m e n t ;  r e d  
- D W I A ;  g r e e n  - D W I A ;  b lu e :  D R E N .  A l l  t h e o r e t i c a l  r e s u l t s  f r o m  [79].
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F i g u r e  5 .1 7 :  Differential cross-sections for 208Pb: B l a c k  - p r e s e n t  e x p e r i m e n t ;  r e d  
- D W I A ;  g r e e n  - D W I A ;  b lu e :  D R E N .  A l l  t h e o r e t i c a l  r e s u l t s  f r o m  [79].
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F i g u r e  5 .1 8 :  Differential cross-sections for 208Pb: B l a c k  - p r e s e n t  e x p e r i m e n t ;  r e d  
- D W I A ;  g r e e n  - D W I A ;  b lu e :  D R E N .  A l l  t h e o r e t i c a l  r e s u l t s  f r o m  [79].
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F i g u r e  5.19: Differential cross-sections for 208 Pb: B l a c k  - p r e s e n t  e x p e r i m e n t ;  r e d  
- D W I A :  g r e e n  - D W I A ;  b lu e :  D R E N .  A l l  t h e o r e t i c a l  r e s u l t s  f r o m  [79].
v a l u e  a t  a b o u t  2 2 0  M e V ,  a r o u n d  70  M e V  b e l o w  t h e  A  r e s o n a n c e ,  a n d  t h e n  d e c r e a s e s  
w i t h  i n c r e a s i n g  E 1.
T h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  ( F i g u r e s  5 . 1 5 - 5 . 1 9 )  h a v e  a  d i f f r a c t i o n - l i k e  s h a p e  w i t h  
t w o  o r  m o r e  m a x i m a  s e p a r a t e d  b y  m i n i m a .  T h e  m a g n i t u d e s  o f  t h e  m a x i m a  d e c r e a s e  
w i t h  i n c r e a s i n g  p i o n  a n g l e .  A  s e c o n d  m i n i m u m  a n d  t h i r d  m a x i m u m  a p p e a r  f o r  Ey > 
1 8 0  M e V  a n d  a  t h e r e  a r e  h i n t s  o f  a  t h i r d  m i n i m u m  a n d  f o u r t h  m a x i m u m  f o r  E 1 > 
2 4 0  M e V .  T h e  p o s i t i o n s  o f  t h e  m a x i m a  a n d  m i n i m a  in  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  
a r e  g iv e n  in  T a b l e s  5 .5 -5 .7 .
The Differential Cross Sections
T h e  e f f e c t  o f  t h e  F S I  o n  t h e  s h a p e  o f  t h e  a n g u l a r  d i s t r i b u t i o n s  f o r  208jP6(7 , t t ° )  is  a s  
e x p e c t e d .  T h e  m i n i m a  a n d  m a x i m a  in  t h e  D W I A  a n d  D R E N  p r e d i c t i o n s  a r e  i n  g e n e r a l  
s h i f t e d  t o  s m a l l e r  p i o n  a n g l e  c o m p a r e d  w i t h  t h e  P W I A  b y  a n  a m o u n t  v a r y i n g  f r o m  1- 
2° u p  t o  a  m a x i m u m  o f  ~  10° .  T h e  m e a s u r e d  a n g u l a r  p o s i t i o n s  a g r e e  w i t h  t h e  D W I A  
a n d  D R E N  c a l c u l a t i o n s  e v e n  f o r  t h e  l a r g e  a n g l e  f e a t u r e s  s u c h  a s  t h e  t h i r d  m i n i m u m  
w h i c h  c a n  b e  i d e n t i f i e d  a t  s o m e  p h o t o n  e n e r g i e s  ( s e e  T a b l e  5 .7 ) .  A t  t h e  l o w e s t  p h o t o n  
e n e r g i e s ,  E 7 <  170  M e V ,  t h e  c a l c u l a t e d  a n g u l a r  s h i f t  in  t h e  f i r s t  m i n i m u m  is  in  t h e  
o p p o s i t e  d i r e c t i o n  t o  t h a t  a t  h i g h e r  E 7 , a n  e f f e c t  n o t  s e e n  in  160  b e c a u s e  t h e  c r o s s  
s e c t i o n  m i n i m u m  n e v e r  o c c u r s  a t  s u c h  a  lo w  m o m e n t u m  t r a n s f e r ;  in  t h i s  c a s e  t h e  
m e a s u r e d  p o s i t i o n s  a r e  n o t  a c c u r a t e  e n o u g h  t o  d i s t i n g u i s h  t h e  P W I A  a n d  t h e  D W I A  
p r e d i c t i o n s .
O v e r a l l ,  t h e  m a g n i t u d e  o f  t h e  m e a s u r e d  c r o s s  s e c t i o n s  a l s o  s u p p o r t s  t h e  D W I A  
p r e d i c t i o n  o f  a n  o r d e r  o f  m a g n i t u d e  r e d u c t i o n  i n  t h e  P W I A  c r o s s  s e c t i o n  d u e  t o  p i o n
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Table 5.5: Positions of the first maximum and first minimum in the differ-
ential cross section for 208Pb.
0* (°)
F irst m ax F irst m in
[MeV] Experiment PW IA DW IA DREN Experim ent PW IA DW IA DREN
140-145 28±5 29 29 29 63±5 62 64 64
145-150 28±5 28 29 29 63±5 61 63 63
150-155 23±5 26 27 27 54±5 58 59 59
155-160 25±5 25 26 26 56±5 55 57 57
160-170 21±2 24 24 24 51±2 52 53 53
170-180 21±2 22 22 22 46±2 48 48 48
180-190 21±2 20 20 20 45±2 45 44 44
190-200 18±2 19 19 19 43±2 42 41 41
200-220 17±2 17 17 17 35±2 38 37 37
220-240 16±2 16 15 15 33±2 35 33 33
240-260 13±2 14 13 13 29±2 32 30 30
260-280 11±2 13 12 12 27±2 29 27 28
280-300 10±2 12 11 12 23±2 27 26 26
300-320 9±2 11 10 11 20±2 25 24 25
320-340 9±2 10 10 10 19±2 24 22 23
340-360 9±2 10 9 9 19±2 22 20 20
360-380 9±2 10 9 9 17±2 22 19 19
Table 5.6: Positions of the second maximum and second minimum in the
differential cross section for 208Pb.
6, (°)
Second m ax Second m in
[MeV] Experiment PW IA DW IA DREN Experim ent PW IA DW IA DREN
140-145 88±5 96 92 92
145-150 88±5 93 90 90
150-155 77±5 86 84 84.5
155-160 79±5 81 80 80 - - 116 117
160-170 69±2 74 72' 73 - - 106 106
170-180 65±2 68 65.5 66 - 102 93 93
180-190 60±5 62 60 60 82±5 91 83 83
190-200 53±5 58 55 55 74±5 83 76 76
200-220 48±2 52 50 50 68±5 74 68 68
220-240 41±2 47 44 44 59±5 65 60 60
240-260 38±2 42 39 39 52±2 58 53 53
260-280 35±2 39 36 36 47±2 53 48 49
280-300 32±2 36 33 34 43±2 49 44 45
300-320 30±2 33 30 31 39±2 45 40 42
320-340 27±2 31 28 29 37±2 42 36 38
340-360 25±2 29 26 26 35±2 39 34 35
360-380 23±2 28 25 25 33±2 38 33 34
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Table 5.7: Positions of th e  th ird  m axim um  and  th ird  m inim um  in th e  dif- 
ferential cross section for 208Pb.________________________________________
0* (°)
E7 Third m ax T hird  m in
[MeV] Experim ent PW IA DW IA DREN Experim ent PW IA DW IA DREN
170-180 - 122 113 113
180-190 99±5 110 100 101 - - 137 137
190-200 - 100 92 92 - 116 116
200-220 79±2 88 81 81 98±5 - 102 102
220-240 69±5 78 71 71 87±5 101 90 89
240-260 - 69 63 63 - 88 79 79
260-280 - 63 57 57 - 79 70 70
280-300 49±2 58 52 52 - 72 63 63
300-320 46±2 53 46 48 57±2 66 55 57
320-340 45±2 49 42 44 - 61 50 52
340-360 42±5 46 40 41 57 48 49
absorption when the photon energy rises into the A resonance region. The only 
exception occurs for low photon energies, < 150 MeV, where the DWIA (and the 
DREN) predictions lie a factor of two above the PWIA but the measured cross section 
is close to the PWIA result (see Figure 5.15). For ieO no equivalent effect is seen; the 
DWIA prediction is only ~  20 % greater than the PWIA at these energies (see Figure 
5.3) and the DWIA result gives the best description of the experimental data.
The predicted effect of the A-nucleus interaction is a reduction in the DWIA cross 
section by a factor that rises to ~  2.5 at 2£7 = 300 MeV, but there is very little 
difference in the angular variation of the DREN and the DWIA predictions. The 
measured cross sections tend to lie below the DREN prediction up to E7 ~  250 MeV, 
and then between it and the DWIA prediction for =  250-350 MeV. The shape of 
the measured angular distribution is reasonably well represented by the calculations 
except for the photon energy regions E7 = 200-260 MeV and E .7 > 280 MeV.
The Region E1 — 200-260 MeV
The magnitude of the differential cross sections for 200 < E7 < 260 MeV decreases 
more rapidly with pion angle than the theoretical predictions (see Figure 5.17). This 
corresponds to the regions where the biggest shifts in the peak position of the pion 
energy difference spectra are observed (see Figure 4.28). Figure 5.20 gives examples 
of pion energy difference spectra with the fits used for 200 < E1 < 220 MeV.
Figure 5.20(a) shows a spectrum from the region of the second maximum in the 
differential cross section. The magnitude of this maximum is significantly lower in 
the experimental data than in the theoretical predictions. The pion energy difference
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Coherent Fit
(c) ev = 58 -  60° (d) en = 78 -  80°
F i g u r e  5 .2 0 :  Pion energy difference spectra  for E1 = 2 0 0  — 2 2 0  MeV.
(a) 0* =  48 -  50°
- 4 0  - 2 0  0 20 40
AE„ (MeV)
- 40  20 0 20 40
AE„(MeV)
- 4 0  - 2 0  0  20 40
AE„ (MeV)
(b) =  56 -  58°
20 40
AE„ (MeV)
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spectrum has a broad base suggesting that the the coherent peak position is shifting 
over the energy range contributing to the experimental data. However, a single Gaus­
sian with a Fermi function (fit method 1) gives a reasonable fit to the experimental 
data. Increasing the fitted area would bring the experimental data closer to the the­
oretical magnitudes but would clearly include even more non-coherent events than it 
does already (there is a significant tail to the left of the peak) and would therefore 
certainly not be a measure of the coherent cross section.
Figure 5.20(b) shows a spectrum about half-way down the second maximum to­
wards the second minimum of the differential cross section. This was the largest 6v 
bin that could be fitted with method 1 for this energy region (see section 4.7.2 and 
Appendix C). Again the fit looks reasonable even though the non-coherent tail to the 
left of the peak has a magnitude of almost half the coherent peak. In the next 0V bin, 
the non-coherent tail has a magnitude more than half that of the coherent peak so fit 
method 3 was employed and this is shown in Figure 5.20(c). The peak position and 
width of the coherent fit were fixed based on those in the nearby bins. A better fit 
would have been obtained if the peak position had been allowed to go more negative 
but we can not be certain that this shift is really a shift of the coherent peak and not 
caused by the increasing yield from the non-coherent contributions.
Figure 5.20(d) is the pion energy difference spectrum in the third maximum region 
of the differential cross section. Again, fit method 3 was employed with the same fixed 
peak position and width as was used in Figure 5.20(c). Here the fit looks a good one 
even though the non-coherent contribution has the same magnitude as the coherent.
The situation is similar for =  220 — 240 MeV: increasing the fitted area would 
increase the magnitude of the differential cross section but non-coherent contributions 
would be included. Therefore, we conclude that the angular distribution really is 
different from the theory in this region and that the cross section is smaller than the 
DREN prediction. This indicates that some modification of both the pion-nucleus 
interaction and the in-medium A properties is required in this region.
The Region E1 >  280 MeV
For 280 < Ery < 360 MeV, the measured differential cross sections are larger than those 
of the DREN above the first maximum region and larger than both the DREN and the 
DWIA in the region above the second maximum (see Figure 5.18). At these incident 
photon energies fit method 3 was used for nearly all 0v bins. In fact this method was 
used for all pion energy difference spectra for 9n > 14° in the 280 < E1 < 300 MeV 
bin and for all incident photon energy bins above this (see Appendix C).
Figure 5.21 gives an example of a pion missing energy spectrum in the second 
maximum region of the differential cross section for 320 < < 340 MeV. Clearly, the
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F i g u r e  5 .2 1 :  Pion energy difference spectrum  for 208Pb: f o r  3 2 0  <  E y < 3 4 0  M e V
a n d  26  <  6n <  2 8 ° .
n o n - c o h e r e n t  y i e l d  n o w  d o m i n a t e s  a n d  a  s i g n i f i c a n t  p o r t i o n  o f  i t  is  p r o b a b l y  i n c l u d e d  
in  t h e  “c o h e r e n t ’' p e a k .  T h e  c o h e r e n t  p e a k  p o s i t i o n  is  k n o w n  t o  s h i f t  w i t h  E 1 a n d  6„ 
( s e e  s e c t i o n  4 .7 .2 )  e v e n  w h e n  t h e  n o n - c o h e r e n t  y i e l d  is  n e g l i g i b l e .  T h e r e f o r e ,  i t  w i l l  
p r o b a b l y  c o n t i n u e  t o  s h i f t  e v e n  w h e n  t h e  n o n - c o h e r e n t  y i e l d  is  s i g n i f i c a n t ,  m a k i n g  
s e p a r a t i o n  o f  t h e  c o h e r e n t  p r o c e s s  d o u b l y  d i f f i c u l t .
T h e r e f o r e  t h e  l a r g e  c r o s s  s e c t i o n  m a g n i t u d e s  o b t a i n e d  in  t h e  a n g u l a r  r a n g e s  2 5 -  
75°  m a y  b e  d u e  t o  n o n - c o h e r e n t  c o n t r i b u t i o n s .  T h i s  w o u l d  a l s o  e x p l a i n  w h y  t h e  c r o s s  
s e c t i o n  m i n i m a  a r e  n o t  a s  d e e p  in  t h e  e x p e r i m e n t a l  d a t a  a s  t h o s e  p r e d i c t e d  b y  t h e  
t h e o r e t i c a l  c a l c u l a t i o n s  ( t h e  t h e o r e t i c a l  c a l c u l a t i o n s  a r e  f o r  t h e  c o h e r e n t  p r o c e s s  o n l y ) .  
T h e  t r u e  c o h e r e n t  c r o s s  s e c t i o n  c o u l d  s t i l l  a g r e e  w i t h  t h e  D R E N .
The Total Cross Section
F o r  208Pb, t h e  p e a k  p o s i t i o n s  o f  t h e  t o t a l  c r o s s  s e c t i o n s  f o r  t h e  D W I A  a n d  D R E N  a r e  
t h e  s a m e  b e c a u s e  i t  is  t h e  F S I  t h a t  s h i f t s  t h e  m a x i m u m  f r o m  3 0 0  M e V  t o  ~  2 1 0  M e V  
r a t h e r  t h a n  t h e  m e d i u m  m o d i f i c a t i o n  o f  t h e  A  ( s e e  s e c t i o n  1 .3 .5 ) .  T h i s  p e a k  p o s i t i o n  
is  in  a g r e e m e n t  w i t h  t h a t  o f  t h e  e x p e r i m e n t a l  d a t a .
T h e  t o t a l  c r o s s  s e c t i o n  a g r e e s  m u c h  b e t t e r  w i t h  t h e  D R E N  t h a n  t h e  D W I A .  I t  
is  s l i g h t l y  s m a l l e r  t h a n  t h e  D R E N  p r e d i c t i o n  u p  t o  2 5 0  M e V .  I t  is  p r o b a b l y  c l o s e  
t o  t h e  D R E N  p r e d i c t i o n  f o r  E 1 = 2 5 0 - 3 5 0  M e V  a f t e r  a l l o w a n c e  f o r  t h e  i n c o h e r e n t  
c o n t r i b u t i o n .  F o r  e x a m p l e ,  a t  3 0 0  <  <  3 2 0  M e V  o n l y  6 0  %  o f  t h e  t o t a l  c r o s s  s e c t i o n
( a )  c o m e s  f r o m  t h e  f i r s t  m a x i m u m  in  t h e  a n g u l a r  d i s t r i b u t i o n  ( s e e  F i g u r e  5 .1 8 )  s o  t h e  
h i g h  v a l u e s  o f  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  in  t h e  s e c o n d  a n d  t h i r d  m a x i m a  ( p r o b a b l y  
d u e  t o  i n c o h e r e n t  c o n t r i b u t i o n s  a s  d i s c u s s e d  a b o v e )  w i l l  c e r t a i n l y  g iv e  a  b i g g e r  v a l u e
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Table 5.8: Com parison of a  values obtained  for assessm ent of A  dependence
a
E7 (MeV) P resen t E xperim ent Boffi C alculation [75]
155-160 0.61 ±0.01 —
180-190 0.64 ±0.01 0.89
240-260 0.46 ±0.01 0.44
320-340 0.33 ±  0.01 0.33
360-380 0.25 ±0.01 0.33
of <r (it is probably ~  60% too big). Finally, the experimental data is maybe a little 
smaller than the DREN at the highest incident photon energy, E1 > 350 MeV.
Incoherent 7r° P ho toproduction
As discussed in section 4.9, no nuclear decay photons from any particular excited state 
could be identified in the Nal spectra. It was shown earlier that the contribution of 
the incoherent process in 160  was significant so it is probable that it is also significant 
in 208Pb. However, the pion energy difference resolution was not good enough to 
separate the incoherent excitation of the lowest states.
5.3 The A-dependence of the Coherent (7 , 7r°) Total 
Cross Section
The experiment performed at Mainz in 1999 measured coherent 7r° photoproduction 
on 12C, 160 , 40Ca, and 208Pb. The first results from 12C and 40Ca were reported in 
a recent thesis [72] and a more complete analysis of the results for ieO and 208Pb has 
been reported here. The basic experimental data now exist for a range of nuclei, allow­
ing the A-dependence of the coherent process to be assessed and the more complete 
analysis was therefore performed on the 12C and 40Ca data. Figure 5.22(a) shows the 
total (7 , 7T°) cross sections for all four nuclei as a function of En and Figure 5.22(b) 
shows a log-log plot of the cross section versus the mass number, A, at a selection of 
incident photon energies. Clearly, a straight line dependence is not obtained so that a 
power law dependence, <Tcoh (A) =  croAa, gives only an approximate description of the 
experimental data. The values of a obtained by fitting the experimental data with this 
relation are given in Table 5.8. Boffi et al. produced a similar plot using the results 
of their DWIA calculations on 160 , 40Ca, 90Zr, and 208Pb [75], and derived a from 
the 160  and 208Pb data at incident photon energies of 180, 255, 320, and 360 MeV. 
Both sets of a values are below 1. This was initially interpreted incorrectly by Boffi et 
al. as support of “the claim that the coherent production process does not take place
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Torget Compar i son  of a
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F i g u r e  5 .2 2 :  Assessm ent of the  A -dependence of the  to ta l cross section: ( a )
C o m p a r i s o n  o f  t h e  i n t e g r a t e d  c r o s s  s e c t i o n s  f o r  a  r a n g e  o f  n u c l e i :  l2C  ( b l a c k  t r i a n g l e s )  
a n d  40C a  ( b l u e  s t a r s )  a r e  f r o m  a  m o r e  s o p h i s t i c a t e d  a n a l y s i s  o f  t h e  d a t a  i n  [72]; 160  
( r e d  c i r c le s )  a n d  20SPb  ( p u r p l e  s t a r s )  a r e  f r o m  t h i s  w o r k ;  ( b )  I n t e g r a t e d  c r o s s  s e c t i o n  
v e r s u s  m a s s  n u m b e r ,  A, f o r  a  s e l e c t i o n  o f  e n e r g i e s .
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Table 5.9: Position of th e  to ta l cross section m axim um
Target a Peak Position  [MeV]
12C 250±20
16Q 240±10
40Ca 230±20
208 pfo 220±10
on the bulk of the nucleus, which would give rise to an A  dependence going approxi­
mately as A2, but is rather a surface effect” [75] but this was later corrected [120]. It 
is, of course, the coherence of all the A nucleon amplitudes that gives rise to the A2 
dependence seen in the PWIA formula for the cross section (equation 1.4). However, 
the nuclear form factor, which also appears in equation 1.4, has a sharper momentum 
transfer dependence as A increases (see Figure 1.2) and very roughly this produces 
an A-0-5 dependence in the angular width of the main peak in the differential cross 
section, which is integrated to obtain the total cross section. The absorption of the 
outgoing pion also increases rapidly with nuclear size and with photon energy so that 
values of a less than 1 are expected. This was also pointed out by Carrasco et al. 
when they did a similar comparison for their A-hole calculations for 12C, i0Ca, and 
208Pb [27]. Carrasco et al. quote a value of 0.45 for a  at =  300 MeV and 0.40 at 
E1 =  350 MeV.
The decrease in the value of a with increasing photon energy observed here and 
by Boffi et al. [75] is also expected since the pion absorption grows rapidly as E1 
increases up to the A region.
The position of the maximum of the total cross section gives an indication of any 
modification of the properties of the A in the nucleus. If there is no modification, the 
peak would be expected at 300 MeV. Table 5.9 gives the positions of the maximum 
for the four nuclei studied. Clearly there is the indication of modification of the A in 
the nuclear medium and that this modification probably has an A-dependence. An 
important point to note, however, is that ieO does have a slightly different shape to 
the other three targets. The total cross section of 160  is expected to be greater than 
that for 12C but here it is smaller at incident photon energies greater than 200 MeV. 
The incoherent peak in the pion energy difference spectra for 160  resulted in a better 
separation of the coherent process than was possible for 12C where no such peak 
was observed. Therefore, the l2C experimental data are probably contaminated with 
some incoherent yield resulting in a total cross section greater than that expected 
for a purely coherent yield. This will also apply to 40Ca and to 208Pb for which the 
non-coherent contamination will be even worse than for the lighter two targets since 
the thresholds for non-coherent processes are smaller.
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Conclusion
The total and differential cross sections for the coherent photoproduction of neutral 
pions have been obtained for 160  and 208Pb in the incident photon energy range 
135 < Ery < 380 MeV using the ir° spectrometer TAPS and demonstrate the ex­
pected characteristics. The present measurements cover a wider angular range and 
have smaller statistical errors than previous measurements. The 208Pb data are in 
reasonable over-all agreement with the previous measurement of natPb [69] but there 
are discrepancies that are probably the combined result of systematic errors in the 7r° 
detection efficiencies used in both experiments.
The introduction of two large Nal detectors to attempt to detect the additional 
decay photons resulting from incoherent pion photoproduction did not aid the separa­
tion of the coherent process. However, the “pion energy difference” method employed 
to separate the coherent and incoherent processes did identify an incoherent yield for 
ieO from the nuclear excitation process(es) around 6.5 MeV and this was used to 
obtain a better separation of the coherent than was possible for 208Pb. This also gave 
an indication of the incoherent differential cross section for 16O at incident photon 
energies of 155-340 MeV which again demonstrated the expected general characteris­
tics. These incoherent cross sections are thought to be affected by systematic errors 
but an initial investigation, presented in Appendix D, indicates that these may be 
reduced by revisiting the pion energy difference fits. However, since the effect on the 
coherent cross sections is small, this is beyond the scope of this thesis.
As discussed in chapter 1.1, neutral pion photoproduction in nuclei has particular 
potential as a source of information on the matter distribution in nuclei, but it also 
has important contributions to make in determining the amplitudes for the (7 , 7r°) 
reaction on nucleons and extending our knowledge of the pion-nucleus interaction and 
the medium modifications of the pion production process.
The diffraction-like structure due to the nuclear form factor is clearly demonstrated 
in the differential cross sections for the present experiment. In order to obtain infor­
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mation on the matter versus charge distribution an accuracy of the order of a few per 
cent is required. At present TAPS can not achieve this. The 7r° detection efficiency 
has large angular variations and the efficiency calculation is probably affected by sys­
tematic errors. Also the 7r° energy resolution was not good enough to separate the 
coherent and incoherent contributions.
Using 12C(7 , 7T°) data, Bergstrom et al. [65] extracted information on the P-wave 
amplitudes and it is probably possible to do the same using the 160  data near threshold 
[E1 < 180 MeV). Above this the systematic uncertainties in the cross section are too 
large.
The DWIA (and DREN) theoretical predictions show that distortion from the 
7r°-nucleus interaction shifts the position of the differential cross section minima and 
changes the cross section magnitude. The present measurements agree with the pre­
dictions to a large extent but discrepancies still remain which will allow the optical 
potential parameters to be “tuned”, mostly using the lower jE?7 data where good sep­
aration of the coherent process was achieved.
The present experimental data is best accounted for by the DREN theoretical 
prediction which treats the A-nucleus interaction via a parameterisation of the A self­
energy determined from the 4He{7 , 7r°) data of Rambo et al. [56,57]. However, there 
are signs that the parameterisation could be improved, which is perhaps not surprising 
considering that it has now been applied to A = 208. Care must be taken when using 
the present data to do this as it is known that there may be systematic problems 
both with the 7r° detection efficiency, which is noticeable mainly at pion angles up to 
the first minimum, and with incoherent contamination of the cross section at larger 
angles. The A-dependence of the total cross section was assessed using the results 
presented here and those from reference [72]. The position of the maxima in the total 
cross sections clearly indicates that there is modification of the A properties in the 
nucleus and that this modification probably has an A-dependence.
The difficulties encountered in separating the coherent and non-coherent cross sec­
tions at some pion energies and angles suggest that it would be desirable to carry out 
further calibrations of TAPS to understand properly the cluster energy and position 
reconstruction. If the systematic errors in the energy and position reconstruction 
could be eliminated, the shifts in the position of the coherent peak in the pion energy 
difference spectra may be better understood, allowing the separation of the coherent 
and non-coherent events to be carried out with a reduced systematic error.
The crystal ball, an array of Nal elements assembled to provide almost 47r solid 
angle coverage around the target, will be assembled in Mainz in the next 12 months. 
This detector assembly would be well suited for 7r° production experiments since the 
angular variation of the detection efficiency would be considerably smaller than that
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of TAPS in the present setup. Also, since the energy resolution of Nal is significantly 
better than that of BaF2, it may also allow the detection of nuclear decay photons 
from incoherent processes resulting in a better separation of the coherent and non­
coherent processes than has been obtained before.
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Appendix A
Kinematics of Coherent Pion 
Photoproduction and Pion Decay
A .l Pion Production
I n  p i o n  p h o t o p r o d u c t i o n ,  a  p h o t o n ,  7 , s t r i k e s  a  n u c l e u s ,  A, o f  m a s s  M  k n o c k i n g  o u t  
a  p i o n  o f  m a s s  m .  F i g u r e  A . l  i l l u s t r a t e s  t h i s  p r o c e s s  w i t h  E  a n d  p r e p r e s e n t i n g  t h e  
e n e r g y  a n d  m o m e n t u m  o f  t h e  p a r t i c l e  ( s u b s c r i p t  7  r e f e r s  t o  t h e  i n c i d e n t  p h o t o n ,  A  t o  
t h e  n u c l e u s ,  a n d  ir t o  t h e  p i o n .  T h e  a d d i t i o n a l  s u b s c r i p t  c r e f e r s  t o  q u a n t i t i e s  in  t h e  
c e n t r e  o f  m a s s  f r a m e ) .  U s i n g  t h e  s t a n d a r d  d e f i n i t i o n  o f
w h e r e  pi , E{ a n d  ra* a r e  t h e  m o m e n t u m ,  e n e r g y  a n d  m a s s  o f  p a r t i c l e  z, t h e  t o t a l
( A . l )
Lab:
L ' nInitial
Nucleus
T / W V
Centre of Mas!
Initial
^ V W V -  
F i g u r e  A . l :  Pion P ho toproduction .
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energy in the centre of mass (CM) frame, y/s , is (from the invariance of (E 2 — p2)):
s = (E ^ + EAc)2 -  02 Final
= {E^ + M f - p 2 Initial (A.2)
2E7M + M 2
The CM energies of the pion, EVci and the nucleus, E ^can  be calculated from:
Hence:
2 - m 2 =  ( E l  -  £ )  -  ( E l  -  rf)
& A . -  K . (A -3)
— (EAc +  Enc){EAc — EVc)
M 2 — m2EAc -  E7rc =  T —  (A.4)
Vs
since
EAc +  E^c — y/s (A.5)
Adding and subtracting A.4 and A.5 gives the centre of mass energy of the recoil 
nucleus
5 +  M 2 -  m2 , A .
^  =  — V T -  (A-6^
and the centre of mass energy of the pion
s + m 2 - M 2 , ,  ,
^  = — 2^ —  ( A ' 7 )
A.2 Pion Decay
The neutral 7r-meson (7T°) has a rest mass of approximately 264 electron masses and 
decays into two photons in 98.8 % of decays [77]. This is represented schematically 
in Figure A.2 where Ev is the energy of the moving 7r° and P* is its momentum; E\ 
and E2 (P2 ) are the energies (momenta) of the two decay photons, and 6 \ and 
62 are the photon directions relative to the direction of motion of the pion. From the 
conservation of energy and momentum
Ev =  E\ +  E 2 . .
-  n+n ( A -8 )
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Pion
E  i +  E 2 E n
o r  e q u i v a l e n t l y
t h e n
E x =  f ( l  +  X )
( A . 9 )
F i g u r e  A .2 :  Pion decay: T h e  7r° m e s o n  d e c a y s  i n t o  t w o  p h o t o n s .
A .2.1 P ion  M ass R econstruction
F o r  p h o t o n s  P  =  E,  so  i f  m  is t h e  r e s t - m a s s  o f  t h e  p i o n ,  t h e n
m2 = E l - P i
=  (E f + E l  +  2 E i E 2) -  ( P f  +  F |  +  2 A )
= 2^ 1^ 2 (1 —0 0 8^)
=  AE1E 2 s i n 2 |
w h e r e  ijj = Q\ +  02 = o p e n i n g  a n g l e  b e t w e e n  t h e  p i o n  d e c a y  p h o t o n s .
A .2.2 D ecay P hoton  O pening A ngle
D e f i n i n g  X  a s
E i  —  E2 E \  —  E2 . x
A  =  --------  =  - E - — -  ( A . 10)
( A l l )
E ,E 2 =  %“- ( ! -  X 2) ( A . 1 2 )
F r o m  e q u a t i o n  A .1 2  i t  is c l e a r  t h a t  t h e  m a x i m u m  v a l u e  o f  E \ E 2 o c c u r s  w h e n  X  =  0 ,  
i .e .  w h e n  t h e  e n e r g i e s  o f  t h e  t w o  p h o t o n s  a r e  e q u a l  a n d  e a c h  h a v e  t h e  v a l u e  S o
= T  (A'13)
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Using the fourth equation of A.9, it follows that the minimum value of the opening 
angle ?/>, which occurs when E 1E 2 has its maximum value, is given by
( 'Ipmin \  Tfl . .
“ I — J =  *  (A-14)
A.3 The X-formula
Combining equations A.9 and A.12 one obtains
2 4-5*1-E2  ____ 4___  m
*■ 1 - X 2 1 - X 2 2(1 — cos 'ip) 1 j
so that __________________
En =  a
2 m2
(A.16)(1 — X 2) (1 — cos xp)
and this relation is used to obtain the pion energy from the directions and energies of 
the two decay photons.
A.4 Calculating Incident Photon Energy from Pion 
Energy and Angle
GEANT3 simulations were performed for a range of discrete pion energy and pion 
angle combinations (section 3.4) but experimental cross sections were produced for 
incident photon energy and pion angle combinations (section 4.8). Therefore, it was 
necessary to calculate the photon energy that would have produced a pion of that 
energy assuming it was produced coherently.
Working in the lab frame (see Figure A.l), conservation of energy and momentum 
gives
Ey T M  — E a T Ew (A.IT)
so that
Pa = P1 - K  (A.18)
p\ = p i+ p i - 2 i? .n  .
=  E 2 +  P 2 - 2 £ ; 7P , cos^  ’ '
Combining equation A. 17 and A. 19 gives
M 2 = E \ -  P \ =  (E7 +  M  -  En)2 -  {El, +  P'l -  2E,fP , cos 9„) (A.20)
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from which
M E n - \ m 2 / k c\ \5 7 = ---------------- , -  2 -------  (A.21)
M  — E^ A y  E 2 — m2 cos 9^
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Appendix B
Calculation of Light Path for 
Implementation of Light Collection in 
GEANT3
The position of each barium fluoride in TAPS is defined by three angles, two offset 
distances, and the distance from the centre of the coordinate axes. The distance offsets 
and the rotation around the central axis of the TAPS block do not affect the equation 
of its planar front face (or the plane of the photomultiplier tube photocathodes) so 
we need only consider 9, <j>.
In Figure B.l the coordinates of P, (xp, yp, zp), are (R cos<j>sin6, R sin</>, Rcos(f>cosO). 
So, the direction cosines of o f t  are (cos</>sin0, sin0, cos 0 cos 0).
The equation of the front plane of a block (through P) is [121]
x cos (f> sin 9 +  y sin </> +  2 cos <f) cos 9 = R  (B-l)
where R is the perpendicular distance from the target to the geometrical centre of the 
front face of the TAPS block.
Similarly, the equation of the photomultiplier photocathode plane is
x cos 0 sin 9 +  y sin 4> +  z cos 0 cos 9 = R  +  L (B.2)
where L is the distance from the front surface to the photocathode.
Using the standard formula for the distance from a point to a plane [121], the 
perpendicular distance from a point (#, y, z) inside the barium fluorides to the pho­
tocathode plane is
d = \x cos (j) sin 9 +  y sin </> +  z cos 0 cos 9 — (L — R)\ (B.3)
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F i g u r e  B . l :  TAPS G eom etry  f o r  G E A N T .
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Appendix C
Pion Energy Difference Fits
The methods used to fit the pion energy difference distributions for 16O and 208Pb are 
given in the following table. Fit methods 1-4 are described in section 4.7.2. Numbers 
in brackets are (peak position; width of Gaussian) where v means that the fit was 
allowed to determine the value. NF means that no Fermi function was fitted (fit 
method 3 never used a Fermi function).
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E 7 Range 
[MeV] 6n Range [°]
ie0
F it Type
208 j
0*. R ange [°]
Db
F it Type
135-140 5-155 1
140-145 5-20 1 5-145 1
20-30 2
30-160 1
145-150 5-165 1 5-125 1
150-155 10-65 1 4-44 1
65-75 2 44-46 3 (0.0; 2.0)
75-155 1 46-52 1
52-62 3 (0.0; 2.4)
64-106 1
106-108 3 (0.0; 2.0)
155-160 5-100 1 4-10 1
100-125 4 10-14 2
125-150 1 14-44 1
44-64 3 (0.0; 2.7)
64-94 1
94-108 3 (0.0; 3.3)
160-170 0-30 1 2-10 1
30-75 4 10-30 2
75-80 1 30-34 1
80-135 4 34-38 2
135-165 4 (0.0; 2.5) 38-86 1
86-96 3 (0.0; 3.0)
170-180 0-75 4 (1.0; 3.0) 0-16 1
75-110 4 16-26 2
110-180 4 (0.0; 2.5) 26-82 1
82-96 3 (0.7; 3.6)
180-190 0-75 4 (v; 3.5) 0-12 1
75-95 4 12-30 2
95-180 4 (0.3; 3.5) 30-74 1
74-126 3(-0.5; 4.0)
190-200 0-70 4 (v; 4.0) 0-2 3 (-0.5; 4.0)
70-85 4 2-14 1
85-180 4 (0.0; 4.0) 14-22 2
22-32 1
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E7 Range 
[MeV] # 71- Range [°]
L6Q
F it Type
208 I
9V R ange [°] F it T ype
32-44 3 (0.8; 5.3)
44-68 1
68-108 3 (-1.2; 4.0)
200-220 0-30 4 (3.0;5.5) 0-58 1
30-45 4 (v; 5.5) 58-128 3 (-3.0;6.0)
45-80 4
80-180 4 (-2.2; 5.5)
220-240 0-60 4 (NF) 2-30 1
60-65 4 (v; 8.0; NF) 30-104 3 (5.0; 6.2)
65-70 4 (v; 6.2; NF)
70-180 4 (-2.2; 6 .2; NF)
240-260 0-55 4 (NF) 2-26 1
55-65 4 (v; 9.5; NF) 26-98 3 (5.0; 7.0)
65-180 4 (-0.7; 6.2; NF)
260-280 0-45 4 (NF) 0-24 1
45-60 4 (4.0; 8.0; NF) 24-96 3 (4.0; 8.0)
60-150 4 (4.0; 5.4; NF)
280-300 0-35 4 (NF) 0-14 1
35-60 4 (3.2; 8.3; NF) 14-98 3 (4.0; 10.0)
60-150 4 (3.2; 6.2; NF)
300-320 0-30 4 (NF) 0-92 3 (4.0; 10.0)
30-60 4 (1.2; 9.8; NF)
60-100 4 (1.2; 8.3; NF)
100-140 4 (1.2; 4.9; NF)
320-340 0-25 4 (NF) 0-76 3 (4.0; 10.0)
25-40 4 (0.6; 10.4; NF)
40-65 4 (0.6; 9.8; NF)
65-125 4 (0.6; 7.6; NF)
340-360 0-15 4 (NF) 0-60 3 (4.0; 10.0)
15-125 3 (3.5; v)
360-380 0-105 3 (3.5; v) 0-58 3 (4.0; 10.0)
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Appendix D
Inspection of the Pion Energy 
Difference Fits for the Incoherent 
Contribution from O
As discussed in section 5.1.3, unexpected structure is observed in the incoherent cross 
sections, in particular a deep minimum in the cross section at 6V ~  50° for photon 
energies of 170-220 MeV with weaker angular variations at other photon energies. No 
real physics explanation for this minimum could be found. We concluded that this 
“structure” is a feature of our equipment and/or analysis.
The detection efficiencies used for the incoherent cross sections are those calculated 
for the coherent, i.e. pion energy was converted to incident photon energy assuming 
coherent pion production. Therefore for the incoherent events a pion energy ~ 6  MeV 
too large was used. However, the detection efficiency shows no sharp changes with 
energy that would explain the observed incoherent shape, see Figure 3.9.
Plots of the incoherent area with the coherent peak position from the pion energy 
difference fits show that the minima in the incoherent cross sections are usually cor­
related with shifts in the coherent peak position (see Figure D.l). The coherent peak 
is known to change shape with incident photon energy and pion angle and different 
types of fit were used for different incident photon energy, pion angle combinations, 
see section 4.7.2. The regions where large changes in incoherent area are seen in Fig­
ures D.l(a)-(c) correspond to regions where the coherent peak shape has a tail on its 
right-hand side that is comparable in size to the tail at the left-hand side. Fitting a 
pion energy difference spectrum with one of the coherent+incoherent fits where if we 
did not expect the incoherent peak at around 6.5 MeV to contribute we would have 
fitted the coherent with two Gaussians, would result in a small reduction in the fitted 
coherent area since the additional area from the second, wider Gaussian is at most 
10 % of the main Gaussian area. However, the effect on the incoherent area (which is
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Does shift in peak position correspond to incoherent minimum?
0 -1 6 : H_gamma=160-17U MeV
jj 200
Pion A ngle 0-180 degrees
Does shift in peak position correspond to incoherent minimum?
0 -1 6 ; E_gam ma = 170-180 MeV
13|
<
8
I
200| r
Pion A ngle 0-180 degrees
(a) E-y = 160 -  170MeV (b) E 1 =  170 -  180M eV
Does shift in peak position correspond with incoherent minimum?
0 -1 6 : E. gam m a = 180-190 MeV
I
-2“
Pion Angle 0-180 degrees
(c) £ 7 =  180 -  190M eV
F i g u r e  D . l :  Effect of the  coherent peak position on the  incoherent cross 
section: A  s y s t e m a t i c  v a r i a t i o n  is  s e e n  b o t h  in  t h e  i n c o h e r e n t  f i t t e d  a r e a  a n d  t h e  
c o h e r e n t  f i t t e d  p e a k  p o s i t i o n  w i t h  p i o n  l a b  a n g l e .  H o w e v e r ,  t h e  r e l a t i o n s h i p  b e t w e e n  
t h e  t w o  is n o t  s t r a i g h t f o r w a r d  a n d  is p r o b a b l y  t h e  r e s u l t  o f  a  n u m b e r  o f  e f f e c t s .
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small) would be significant and would probably include coherent events. An example 
of such a case is shown in Figure D.2(a) where the peak has a broad base with the 
tail to the right of the peak. Figure D.2 gives examples of pion energy difference 
spectra for E1 =  170 — 180 MeV in the three regions of interest in the differential 
cross section for this bin (see Figure 5.8): (a) corresponds to the incoherent cross 
section maximum region, (b) to the incoherent cross section minimum region, and (c) 
and (d) to where the incoherent cross section looks as expected. The pion energy dif­
ference peak is close to zero for all three cases so it is safe to attribute this to coherent 
pion photoproduction. The coherent peak in Figure D.2 (a) has a slow fall-off on both 
sides of the peak and, if the incoherent peak 6.5 MeV below the coherent peak had 
not been seen to contribute, a two Gaussian fit would have been accepted as a good 
representation of the coherent events. However, a coherent+incoherent fit was used 
with the peak width fixed and thus results in an incoherent fit that includes coherent 
events and hence an incoherent cross section greater than the true one. Figure D.2(b) 
has a sharper coherent peak than (a). Again the fit with fixed width was used but 
this time the width chosen was possibly too wide resulting in too small an incoherent 
area and thus too small an incoherent cross section. Figure D.2(c) has a clear inco­
herent contribution and a fit where both the coherent peak position and width were 
allowed to vary gave a sensible incoherent cross section. The incoherent contribution 
dominates in Figure D.2(d) but the fit is still sensible and gives a sensible coherent 
and incoherent differential cross section.
The incoherent differential cross sections demonstrate the expected general trends 
and those at high pion angles are largely what would be expected. However, even here 
where the incoherent process dominates there are some “ripples” in the cross section 
that do not necessarily have a “real” physics basis. The cross sections at low pion angles 
are not reliable and probably include some coherent contribution. Therefore, in the 
region of the first maximum of the coherent differential cross section, the incoherent 
peak is probably larger than its true value and thus the corresponding coherent peak 
is slightly smaller than it should be.
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F i g u r e  D .2 :  Pion energy difference spectra  for E 7 =  1 7 0  — 1 8 0  MeV: ( a )  T h i s  
s p e c t r u m  h a s  a  b r o a d  b a s e  w i t h  t h e  t a i l  t o  t h e  r i g h t  o f  t h e  p e a k  c o m p a r a b l e  t o  t h e  
t a i l  t o  t h e  le f t  a n d  w o u l d  b e  b e t t e r  f i t t e d  w i t h  t w o  G a u s s i a n s ;  ( b )  T h i s  s p e c t r u m  
h a s  a  s l i g h t l y  s h a r p e r  p e a k  t h a n  t h e  p r e v i o u s  b i n  a g a i n  t h e  t a i l  t o  t h e  r i g h t  o f  t h e  
p e a k  is  c o m p a r a b l e  t o  t h a t  t o  t h e  le f t ;  (c )  T h i s  s p e c t r u m  h a s  a  c l e a r  i n c o h e r e n t  p e a k  
~  6 .5  M e V  b e l o w  t h e  c o h e r e n t  p e a k ;  ( d )  t h e  i n c o h e r e n t  n o w  d o m i n a t e s  t h e  c o h e r e n t  
b u t  t h e  f it  is  s t i l l  a  g o o d  o n e .
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Appendix E
Tables of cross sections
Table E .l contains the total cross sections for the present 12C, 16O, 40Ca, and 208Pb 
experimental data. The differential cross sections are contained in Tables E.2-E.17.
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Tab!e E.l: Total Cross Sections for 12C, 160 , 40Ca and 208Pb:
E7 
[MeV] 12C
a [a
160
tb/sr]
40 Ca 2 0 8 p b
135-140 2.92 ±  0.13 4.62 ±  0.18 12.50 ±  0.56
140-145 16.85 ±  0.22 24.90 ±  0.39 54.01 ±  3.09 45.50 ±  2.57
145-150 38.19 ±  0.44 54.38 ±  0.97 117.33 ±  1.95 125.18 ±  4.85
150-155 68.30 ±  0.72 95.33 ±  1.81 188.99 ±  2.49 265.67 ±  6.84
155-160 102.36 ±  1.07 132.23 ±  2.80 269.28 ±  3.66 452.16 ±  12.53
160-170 148.79 ±  1.25 177.57 ±  3.53 369.92 ±  3.96 834.35 ±  12.28
170-180 216.50 ±  1.76 239.99 ±  4.56 538.09 ±  5.45 1229.27 ±  15.95
180-190 277.78 ±  2.29 318.55 ±  6.19 718.77 ±  6.93 1638.33 ±  21.73
190-200 370.43 ±  3.34 378.46 ±  7.85 821.11 ±  8.47 1915.75 ±  27.24
200-220 486.16 ±  3.96 447.49 ±  10.40 928.41 ±  9.32 2143.48 ±  30.83
220-240 547.02 ±  4.82 468.61 ±  10.60 825.58 ±  17.37 1906.11 ±  32.06
240-260 506.75 ±  4.92 467.86 ±  10.05 860.87 ±  9.95 1825.63 ±  28.52
260-280 507.34 ±  4.98 417.73 ±  8.50 764.69 ±  8.62 1580.23 ±  24.36
280-300 429.43 ±  4.31 361.91 ±  6.60 600.27 ±  6.90 1196.69 ±  17.14
300-320 333.52 ±  3.47 314.91 ±  5.45 470.53 ±  5.76 886.96 ±  13.71
320-340 250.68 ±  2.71 226.80 ±  3.81 356.68 ±  4.92 638.34 ±  11.02
340-360 176.75 ±  2.04 191.66 ±  3.21 252.26 ±  3.97 402.70 ±  7.90
360-380 155.64 ±  1.78 175.80 ±  3.17 210.98 ±  3.65 317.06 ±  7.49
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E .l Oxygen-16
Tables E.2-E.4 contain the differential cross sections for ieO for the present experi­
mental data.
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Table E.2: Differential Cross Sections for 16Q;
da/dQ [//b/sr]
0n [MeV]
[°1 135 - 140 140 - 145 145 - 150 150 - 155 155 - 160 160 - 170
0 - 5 1.21 ±  0.41
5 - 10 0.15 ±  0.10 0.33 ±  0.17 0.75 ±  0.27 1.42 ±  0.53 3.97 ±  0.36
10 - 15 0.01 ±  0.01 0.70 ±  0.16 0.98 ±  0.23 1.97 ±  0.46 3.24 ±  0.59 7.28 ±  0.47
15 - 20 0.24 ±  0.10 0.76 ±  0.11 1.84 ±  0.26 4.12 ±  0.42 7.76 ±  0.64 12.66 ±  0.70
20 - 25 0.23 ±  0.08 1.09 ±  0.15 2.39 ±  0.27 6.51 ±  0.53 9.58 ±  0.72 17.23 ±  1.03
25 - 30 0.36 ±  0.09 1.53 ±  0.07 3.88 ±  0.36 8.57 ±  0.62 13.65 ±  0.85 21.61 ±  1.21
30 - 35 0.44 ±  0.10 1.85 ±  0.17 4.85 ±  0.39 10.01 ±  0.66 15.76 ±  1.05 25.43 ±  1.35
35 - 40 0.40 ±  0.10 2.34 ±  0.18 5.75 ±  0.43 11.32 ±  0.75 18.22 ±  1.18 28.60 ±  1.63
40 - 45 0.36 ±  0.07 2.45 ±  0.18 6.23 ±  0.44 13.15 ±  0.87 19.69 ±  1.37 32.07 ±  2.03
45 - 50 0.41 ±  0.07 2.57 ±  0.19 6.64 ±  0.47 13.53 ±  0.91 20.03 ±  1.51 32.17 ±  2.24
50 - 55 0.43 ±  0.08 2.90 ±  0.20 7.74 ±  0.55 14.61 ±  1.00 21.85 ±  1.72 32.89 ±  2.44
55 - 60 0.52 ±  0.08 3.14 ±  0.21 7.76 ±  0.55 14.62 ±  1.04 22.78 ±  1.77 32.23 ±  2.52
60 - 65 0.48 ±  0.07 3.32 ±  0.22 8.04 ±  0.57 14.27 ±  1.05 20.19 ±  1.67 29.63 ±  2.46
65 - 70 0.55 ±  0.09 3.36 ±  0.23 7.57 ±  0.56 13.52 ±  1.18 19.04 ±  1.71 28.11 ±  2.48
70 - 75 0.42 ±  0.07 3.20 ±  0.16 7.52 ±  0.57 14.41 ±  1.27 18.43 ±  1.72 24.91 ±  2.26
75 - 80 0.63 ±  0.10 2.90 ±  0.15 6.66 ±  0.53 12.68 ±  1.08 17.89 ±  1.72 23.07 ±  2.01
80 - 85 0.60 ±  0.09 2.85 ±  0.21 6.20 ±  0.50 11.21 ±  0.99 16.91 ±  1.69 17.35 ±  1.60
85 - 90 0.61 ±  0.09 2.73 ±  0.20 6.47 ±  0.51 8.82 ±  0.83 12.61 ±  1.35 13.67 ±  1.35
90 - 95 0.46 ±  0.08 2.64 ±  0.19 5.15 ±  0.43 8.55 ±  0.79 9.96 ±  1.08 10.43 ±  1.15
95 - 100 0.49 ±  0.08 2.38 ±  0.18 4.79 ±  0.40 6.65 ±  0.61 8.67 ±  0.91 8.86 ±  0.93
100 - 105 0.41 ±  0.07 2.19 ±  0.17 4.26 ±  0.35 6.26 ±  0.57 6.57 ±  0.75 7.20 ±  0.78
105 - 110 0.37 ±  0.06 1.78 ±  0.14 3.33 ±  0.29 4.69 ±  0.43 5.65 ±  0.70 5.44 ±  0.58
110 - 115 0.35 ±  0.07 1.79 ±  0.15 2.98 ±  0.28 3.91 ±  0.40 4.49 ±  0.61 3.55 ±  0.42
115 - 120 0.28 ±  0.08 1.45 ±  0.13 2.62 ±  0.26 3.36 ±  0.38 3.10 ±  0.54 3.21 ±  0.47
120 - 125 0.29 ±  0.07 1.33 ±  0.12 1.92 ±  0.20 2.69 ±  0.33 2.86 ±  0.57 1.84 ±  0.34
125 - 130 0.30 ±  0.08 0.92 ±  0.10 1.48 ±  0.19 2.17 ±  0.29 2.34 ±  0.38 1.54 ±  0.46
130 - 135 0.27 ±  0.09 0.76 ±  0.10 0.95 ±  0.18 1.86 ±  0.27 1.23 ±  0.27 1.01 ±  0.18
135 - 140 0.12 ±  0.07 0.71 ±  0.09 0.74 ±  0.14 1.01 ±  0.21 1.30 ±  0.27 0.68 ±  0.17
140 - 145 0.09 ±  0.01 0.48 ±  0.07 0.54 ±  0.13 0.75 ±  0.27 0.66 ±  0.23 0.47 ±  0.14
145 - 150 0.07 ±  0.01 0.47 ±  0.10 0.51 ±  0.22 0.83 ±  0.16 0.36 ±  0.20 0.42 ±  0.12
150 - 155 0.27 ±  0.09 0.42 ±  0.18 0.52 ±  0.16 0.09 ±  0.12
155 - 160 0.28 ±  0.12 0.32 ±  0.12 0.15 ±  0.10
160 - 165 0.24 ±  0.02 0.17 ±  0.13
165 - 170
170 - 175
175 - 180
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Table E.3: Differential Cross Sections for 16Q:
da/dVL [/xb/sr]
0-n e 7 [MeV]
[ ° ] 170 - 180 180 - 190 190-200 200-220 220-240 240-260
0 - 5 2.96 ±  0.53 3.86 ±  0.61 4.21 i  0.73 2.53 ±  1.15 17.64 ±  2.85 28.56 ±  2.91
5 - 1 0 5.84 ±  0.46 9.18 ±  0.76 10.75 ±  1.50 13.75 ±  1.43 56.40 ±  4.34 55.74 ±  3.36
10 - 15 12.12 ±  0.64 20.28 ±  1.05 26.61 i  1.66 38.47 ±  2.57 143.77 ±  10.16 105.11 ±  5.03
15 - 20 20.04 ±  0.96 28.65 ±  1.46 43.55 i  2.53 70.70 ±  3.92 146.62 ±  7.40 182.73 ±  7.99
20 - 25 27.35 ±  1.32 43.20 ±  2.19 64.18 i  3.37 90.43 ±  4.73 174.15 ±  8.43 209.48 ±  9.28
25 - 30 33.85 ±  1.69 55.86 ±  2.98 80.19 i  4.52 102.31 ±  5.66 182.52 ±  9.09 210.05 ±  10.06
30 - 35 41.02 ±  2.17 61.18 ±  3.57 89.16 i  5.54 117.44 ±  8.75 187.20 ±  10.33 196.51 ±  10.77
35 - 40 46.91 ±  2.74 68.40 ±  4.34 98.57 i  6.50 140.96 ±  9.74 178.12 ±  11.47 187.00 ±  12.34
40 - 45 49.55 ±  3.23 76.43 ±  5.11 104.01 ±  7.13 142.17 ±  10.36 158.31 ±  12.33 155.40 ±  12.49
45 - 50 52.05 ±  3.58 79.20 ±  5.42 105.31 ±  7.51 130.29 ±  10.06 120.51 ±  11.46 113.49 ±  10.97
50 - 55 49.54 ±  3.50 70.84 ±  5.04 86.63 i  6.45 107.42 ±  8.79 87.79 ±  9.45 73.52 ±  8.17
55 - 60 47.42 ±  3.49 63.92 ±  4.71 77.07 i  6.01 90.87 ±  7.73 63.67 ±  7.00 24.40 ±  3.19
60 - 65 46.08 ±  3.52 62.24 ± 4.72 71.00 ±  5.69 70.33 ±  6.63 39.65 ±  4.35 24.95 ±  3.20
65 - 70 40.41 ±  3.20 52.18 ±  4.06 55.18 i  4.46 46.90 ±  4.97 21.90 ±  2.35 13.07 ±  1.57
70 - 75 32.28 ±  2.61 41.62 ±  3.30 39.88 ±  3.52 35.17 ±  4.13 10.27 ±  1.19 5.67 ±  0.84
75 - 80 24.81 ±  2.03 27.60 ±  2.32 25.72 i  2.59 25.10 ±  4.67 5.68 ±  0.78 2.23 ±  0.58
80 - 85 19.26 ±  1.66 20.98 ±  1.88 18.90 i  2.44 10.87 ±  1.15 1.32 ±  0.54 5.81 ±  0.72
85 - 90 15.30 ±  1.42 15.35 ±  1.50 10.94 ±  1.04 4.45 ±  0.67 0.53 ±  0.50 9.21 ±  1.09
90 - 95 11.16 ±  1.17 9.40 ±  1.07 5.73 ±  0.65 1.75 ±  0.49 0.65 ±  0.54 10.53 ±  1.29
95 - 100 7.96 ±  0.79 6.44 ±  0.64 2.00 ±  0.37 0.06 ±  0.49 1.22 ±  0.51 8.04 ±  1.11
100 - 105 5.53 ±  0.59 3.04 ±  0.43 0.49 i  0.27 1.11 ±  0.45 3.30 ±  0.63 6.23 ±  0.98
105 - 110 3.44 ±  0.41 2.00 ±  0.33 0.27 ±  0.29 1.38 ±  0.46 1.01 ±  0.46 7.35 ±  1.09
110 - 115 2.16 ±  0.29 1.79 ±  0.31 O.OOiO.OO 1.61 ±  0.45 1.99 ±  0.51 5.99 ±  0.85
115 - 120 1.25 ±  0.22 0.21 ±  0.21 O.OOiO.OO 2.74 ±  0.54 2.50 ±  0.47 4.72 ±  0.60
120 - 125 0.92 ±  0.17 O.OOiO.OO 0.74 i  0.32 3.67 ±  0.53 3.80 ±  0.52 3.37 ±  0.43
125 - 130 0.66 ±  0.17 0.14 ±  0.21 0.90 ±  0.35 3.81 ±  0.52 3.82 ±  0.48 1.33 ±  0.27
130 - 135 0.43 ±  0.13 0.28 ±  0.20 0.80 i  0.32 3.38 ±  0.48 2.34 ±  0.37 0.45 ±  0.18
135 - 140 O.OOiO.OO 0.19 ±  0.18 1.03 ±  0.26 2.63 ±  0.39 1.39 ±  0.32 0.07 ±  0.17
140 - 145 0.06 ±  0.10 0.36 ±  0.16 0.53 i  0.20 1.61 ±  0.33 0.61 ±  0.27 0.86 ±  0.20
145 - 150 0.06 ±  0.06 0.04 ±  0.15 0.50 ±  0.20 0.87 ±  0.25 0.27 ±  0.23 O.OOiO.OO
150 - 155 0.08 ±  0.09 0.15 ±  0.15 0.33 i  0.19 1.24 ±  0.28 0.24 ±  0.24 0.01 ±  0.11
155 - 160 0.14 ±  0.09 0.34 ±  0.14 O.OOiO.OO 0.25 ±  0.22 0.00±0.00 O.OOiO.OO
160 - 165 0.09 ±  0.10 O.OOiO.OO 0.19 ±  0.16 0.76 ±  0.24 0.04 ±  0.16 0.11 ±  0.09
165 - 170 0.23 ±  0.12 O.OOiO.OO 0.03 ±  0.21 O.OOiO.OO
170 - 175 O.OOiO.OO 0.15 i  0.24 0.10 ±  0.24 O.OOiO.OO
175 - 180 0.26 ±  0.32 0.07 i  0.35 0.37 ±  0.48 0.14 ±  0.13
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Table E.4: Differential Cross Sections for 16Q:
da/dEl [/ib/sr]
8n E-y [MeV]
[°] 260-280 280-300 300-320 320-340 340-360 360-380
0 - 5 42.32 i  2.92 47.73 i  2.78 46.90 i  2.66 28.77 i  1.85 11.06 i  1.00 4.75 i  0.84
5 - 10 78.85 ±  3.81 85.73 i  3.88 85.04 i  4.03 78.60 i  3.93 48.85 i  2.52 44.15 i  2.47
10 - 15 134.14 ±  5.57 136.55 i  5.56 148.14 i  6.46 150.85 i  7.26 118.38 i  6.06 126.27 i  6.63
15 - 20 211.41 ±  8.31 184.12 i  7.09 206.74 i  8.35 192.70 i  8.46 192.90 i  9.24 188.25 i  9.32
20 - 25 235.95 i  9.67 236.71 i  9.30 248.34 i  9.76 204.43 i  8.46 155.82 i  6.92 153.35 i  7.10
25 - 30 235.43 i  10.92 230.68 i  10.29 229.27 i  9.79 171.60 i  7.28 104.72 i  4.60 94.09 i  4.30
30 - 35 221.15 i  12.03 208.90 i  10.82 212.94 i  10.31 122.81 i  5.72 72.02 i  3.38 57.59 i  2.79
35 - 40 189.86 i  12.19 171.51 i  10.10 117.35 i  6.51 52.10 i  2.95 43.94 i  2.53 35.93 i  2.17
40 - 45 143.41 i  10.90 96.23 i  6.65 50.32 i  3.33 12.62 i  1.20 25.19 i  1.76 23.27 i  1.76
45 - 50 85.80 i  7.63 43.36 i  3.62 14.81 i  1.46 7.41 i  0.97 19.04 i  1.56 19.82 i  1.72
50 - 55 31.29 i  3.27 14.44 i  1.56 6.20 i  0.96 13.70 i  1.33 20.52 i  1.77 20.08 i  1.83
55 - 60 8.15 i  1.20 6.17 i  0.97 5.88 i  0.89 11.78 i  1.19 16.59 i  1.53 16.90 i  1.66
60 - 65 3.90 ±  0.75 3.81 i  0.70 5.16 i  0.76 3.62 i  0.65 9.30 i  0.90 7.97 i  0.87
65 - 70 O.OOiO.OO 2.98 i  0.39 6.52 i  0.75 5.83 i  0.61 6.00 i  0.58 4.03 i  0.47
70 - 75 2.84 ±  0.52 4.70 i  0.50 5.10 i  0.63 4.81 i  0.51 3.64 i  0.37 2.16 i  0.28
75 - 80 2.02 ±  0.47 4.22 i  0.53 2.49 i  0.46 4.02 i  0.43 2.41 i  0.26 0.92 i  0.15
80 - 85 2.65 i  0.48 4.31 i  0.52 2.54 i  0.41 1.39 i  0.27 1.17 i  0.17 0.78 i  0.14
85 - 90 5.41 ±  0.66 4.59 i  0.54 2.02 i  0.35 0.80 i  0.23 1.02 i  0.16 0.19 i  0.09
90 - 95 5.07 ±  0.69 3.90 i  0.50 1.03 i  0.28 0.38 i  0.18 0.71 i  0.14 0.12 i  0.13
95 - 100 4.79 ±  0.69 3.70 i  0.52 0.33 i  0.25 0.51 i  0.16 0.72 i  0.15 0.25 i  0.11
100 - 105 1.76 i  0.39 1.18 i  0.28 0.57 i  0.16 0.63 i  0.16 0.55 i  0.15 0.19 i  0.13
105 - 110 1.15 ±  0.30 1.67 i  0.28 0.11 i  0.11 O.OOiO.OO 0.18 i  0.08
110 - 115 1.84 i  0.31 O.OOiO.OO 0.30 i  0.11 0.33 i  0.11 0.20 i  0.07
115 - 120 1.13 ±  0.21 0.19 i  0.12 0.45 i  0.11 0.33 i  0.10 0.15 i  0.06
120 - 125 0.19 ±  0.13 0.31 i  0.12 0.09 i  0.06 0.20 i  0.08 0.04 i  0.04
125 - 130 0.07 ±  0.11 O.OOiO.OO 0.15 i  0.06
130 - 135 O.OOiO.OO 0.06 i  0.10 O.OOiO.OO
135 - 140 0.09 i  0.09 O.OOiO.OO 0.11 i  0.05
140 - 145 O.OOiO.OO 0.04 i  0.08
145 - 150 0.11 i  0.09 0.13 i  0.08
150 - 155
155 - 160
160 - 165
165 - 170
170 - 175
175 - 180
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E . 2  Lead-208
Tables E.5-E.11 contain the differential cross sections for 208Pb for the present exper­
imental data.
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Table E.5: Differential Cross Sections for 208Pb: E1 =140-150 MeV
0 ,
[°]
da/dLl fib/sT
E , []> 
140-145
TeV]
145-150
0 - 5
5 - 10 5.75 ±  2.51 11.25 ±  3.97
10 - 15 6.94 ±  2.38 26.32 ±  5.87
15 - 20 6.56 ±  1.87 39.45 ±  6.15
20 - 25 9.25 ±  1.93 43.65 ±  5.49
25 - 30 11.61 ±  1.82 43.43 ±  6.23
30 - 35 10.02 ±  1.58 35.70 ±  3.76
35 - 40 10.58 ±  1.42 31.14 ±  3.14
40 - 45 7.32 ±  1.23 21.48 ±  2.73
45 - 50 2.61 ±  0.74 14.26 ±  2.29
50 - 55 2.08 ±  0.66 6.27 ±  1.67
55 - 60 1.42 ±  0.76 2.17 ±  1.13
60 - 65 0.57 ±  2.83 1.65 ±  1.06
65 - 70 1.14 ±  1.08 3.84 ±  1.18
0 1 or 2.33 ±  0.68 5.85 ±  1.80
75 - 80 3.17 ±  0.81 8.98 ±  1.92
80 - 85 4.82 ±  0.90 12.29 ±  1.92
85 - 90 5.15 ±  0.94 17.49 ±  2.50
90 - 95 4.80 ±  0.90 12.21 ±  2.68
95 - 100 4.41 ±  0.83 12.93 ±  1.93
100 - 105 4.06 ±  0.99 9.04 ±  2.16
105 - 110 4.15 ±  0.91 6.68 ±  1.63
110 - 115 4.74 ±  0.96 6.12 ±  1.61
115 - 120 2.36 ±  0.79 4.95 ±  1.64
120 - 125 3.22 ±  0.93 3.88 ±  2.16
125 - 130 2.90 ±  0.83
130 - 135 2.50 ±  0.78
135 - 140 0.88 ±  0.74
140 - 145 0.83 ±  1.52
145 - 150
150 - 155
155 - 160
160 - 165
165 - 170
170 - 175
175 - 180
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Table E.6: Differential Cross Sections for 208Pb: Ey = 150-190 MeV
6*
[°]
d cr/d tl [/xb/sr]
150-155 155-160
E-y [MeV] 
160-170 170-180 180-190
0 - 2 45.10 ±  18.09 82.71 ±  22.01 64.79 ±  22.84
2 - 4 53.38 ±  11.04 162.88 ±  18.83 167.06 ±  22.35
4 - 6 28.87 ±  9.83 57.82 ±  14.11 135.69 ±  15.50 208.87 ±  18.42 262.98 ±  24.30
6 - 8 26.52 ±  9.78 64.87 ±  13.71 192.61 ±  16.28 316.86 ±  21.58 431.65 ±  30.09
8 - 10 49.94 ±  10.43 114.10 ±  16.91 252.03 ±  17.92 441.58 ±  25.96 613.30 ±  37.35
10 - 12 63.41 ±  17.21 131.62 ±  22.57 376.69 ±  24.86 555.92 ±  30.41 800.55 ±  44.99
12 - 14 75.44 ±  13.11 179.42 ±  27.13 402.83 ±  25.50 728.29 ±  38.16 1091.08 ±  61.10
14 - 16 83.92 ±  14.90 191.46 ±  19.80 494.35 ±  31.69 816.79 ±  42.31 1191.03 ±  63.01
16 - 18 100.10 ±  12.59 200.41 ±  19.14 505.02 ±  29.64 911.61 ±  47.77 1319.56 ±  71.92
18 - 20 98.80 ±  13.64 242.69 ±  22.45 537.41 ±  33.21 938.45 ±  49.08 1377.12 ±  77.81
20 - 22 131.53 ±  13.93 205.99 ±  19.67 536.92 ±  32.00 959.57 ±  50.47 1303.63 ±  72.35
22 - 24 130.76 ±  14.34 235.50 ±  19.55 522.61 ±  31.30 889.55 ±  49.10 1243.07 ±  69.86
24 - 26 135.60 ±  12.98 255.70 ±  20.12 499.38 ±  29.56 778.10 ±  42.80 1104.78 ±  63.19
26 - 28 144.97 ±  12.99 251.87 ±  19.27 443.08 ±  27.21 697.44 ±  38.99 951.91 ±  58.64
28 - 30 108.57 ±  10.47 205.57 ±  16.20 417.85 ±  31.34 609.27 ±  35.34 761.88 ±  49.37
30 - 32 109.38 ±  10.38 207.52 ±  16.06 337.13 ±  22.28 479.75 ±  29.07 592.79 ±  39.12
32 - 34 95.83 ±  9.05 169.08 ±  14.17 306.62 ±  19.23 381.20 ±  24.40 400.66 ±  28.33
34 - 36 88.17 ±  8.53 147.13 ±  12.52 273.22 ±  18.31 308.57 ±  21.51 305.62 ±  23.72
36 - 38 88.08 ±  8.82 138.93 ±  12.68 193.88 ±  15.49 212.10 ±  16.23 195.09 ±  16.72
38 - 40 69.02 ±  7.38 96.99 ±  9.81 154.69 ±  12.10 139.15 ±  12.16 119.21 ±  12.08
40 - 42 49.64 ±  5.81 76.88 ±  8.67 118.36 ±  10.66 112.28 ±  10.46 98.12 ±  12.66
42 - 44 36.23 ±  4.99 63.73 ±  8.07 61.02 ±  8.01 52.26 ±  6.27 90.71 ±  10.82
44 - 46 28.33 ±  5.76 41.43 ±  8.79 44.26 ±  7.43 42.68 ±  5.93 88.32 ±  10.16
46 - 48 20.76 ±  3.88 12.68 ±  5.25 31.84 ±  4.86 45.96 ±  5.85 112.69 ±  11.75
48 - 50 19.06 ±  3.52 10.97 ±  5.27 40.47 ±  5.71 50.41 ±  7.29 135.77 ±  13.32
50 - 52 12.17 ±  4.43 18.15 ±  6.56 21.91 ±  4.31 77.71 ±  9.02 152.90 ±  14.72
52 - 54 5.47 ±  3.82 3.92 db 4.30 25.50 ±  4.63 80.06 ±  8.89 197.60 ±  18.16
54 - 56 2.16 ±  3.05 10.82 ±  5.16 38.07 ±  5.69 109.58 ±  10.84 201.23 ±  18.47
56 - 58 7.45 ±  3.70 12.84 ±  6.25 49.17 ±  6.44 124.71 ±  12.33 224.59 ±  20.73
58 - 60 7.01 ±  3.42 7.32 ±  5.80 57.59 ±  7.20 159.82 ±  15.02 219.17 ±  20.40
60 - 62 5.56 ±  1.94 34.51 ±  9.12 66.57 ±  7.86 170.72 ±  16.15 196.08 ±  18.49
62 - 64 11.82 ±  3.35 17.61 ±  7.05 85.02 ±  10.11 167.23 ±  16.07 224.44 ±  20.99
64 - 66 8.09 ±  2.61 36.79 ±  7.19 89.18 ±  10.60 172.50 ±  16.56 186.44 ±  17.80
66 - 68 19.78 ±  4.15 28.75 ±  9.57 84.76 ±  10.28 156.72 ±  15.41 160.66 ±  15.97
68 - 70 18.43 ±  4.47 37.59 ±  7.88 99.44 ±  11.83 130.02 ±  13.25 136.84 ±  14.19
70 - 72 13.07 ±  3.88 25.71 ±  6.05 97.21 ±  11.38 120.69 ±  12.71 83.38 ±  9.56
72 - 74 21.67 ±  5.26 41.29 ±  8.45 91.38 ±  11.15 110.96 ±  12.01 80.19 ±  10.23
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Table E.7: Differential Cross Sections for 208Pb: E7 = 150-190 MeV cont.
9n
[°1
d a /d t t  [/ib/sr]
150-155 155-160
E-y [MeV] 
160 - 170 170 - 180 180 - 190
74 - 76 22.73 ±  7.91 48.57 ±  9.00 91.18 ±  10.64 79.84 ±  9.40 40.29 ±  7.48
76 - 78 28.01 ±  5.72 39.55 ±  9.39 69.50 ±  8.90 72.15 ±  8.86 25.43 ±  5.80
78 - 80 21.16 ±  5.07 53.78 ±  10.00 65.68 ±  8.31 62.13 ±  7.83 17.71 ±  5.47
80 - 82 25.48 ±  6.01 48.26 ±  9.91 62.95 ±  8.50 36.15 ±  5.74 11.74 ±  5.25
82 - 84 24.83 ±  5.08 31.86 ±  7.25 60.51 ±  8.10 23.38 ±  5.39 24.30 ±  6.23
84 - 86 33.63 ±  6.05 48.28 ±  9.36 44.90 ±  6.74 22.42 ±  5.51 12.56 ±  5.94
86 - 88 18.82 ±  4.25 48.80 ±  28.98 27.94 ±  6.54 12.70 ±  4.37 14.97 ±  4.75
88 - 90 21.31 ±  5.50 20.22 ±  8.10 18.25 ±  5.85 5.33 ±  5.33 17.52 ±  5.67
90 - 92 25.24 ±  5.17 18.78 ±  6.47 11.40 ±  5.13 4.21 ±  3.69 25.27 ±  6.67
92 - 94 19.04 ±  4.89 24.14 ±  6.73 10.35 ±  4.97 9.76 ±  4.56 33.36 ±  6.88
94 - 96 22.15 ±  5.59 14.67 ±  6.03 6.15 ±  4.30 6.97 ±  4.30 33.91 ±  7.43
96 - 98 13.34 ±  3.82 21.64 ±  9.48 28.97 ±  6.55
98 - 100 18.88 ±  4.67 8.08 ±  6.88 36.94 ±  7.80
100 - 102 15.01 ±  5.91 14.02 ±  7.78 32.50 ±  7.05
102 - 104 13.73 ±  4.17 15.13 ±  7.87 14.59 ±  4.83
104 - 106 10.60 ±  3.09 16.59 ±  7.23 17.29 ±  5.11
106 - 108 2.45 ±  4.56 8.47 ±  4.76
108 - 110 5.50 ±  6.57 25.66 ±  6.44
110 - 112 4.17 ±  3.40
112 - 114 16.86 ±  5.65
114 - 116 2.61 ±  3.07
116 - 118 9.72 ±  4.72
118 - 120 6.54 ±  4.41
120 - 122 10.06 ±  4.83
122 - 124 4.28 ±  3.47
124 - 126 11.13 ±  4.45
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Table E.8: D ifferential Cross Sections for 208Pb: E .7 = 190-280 MeV
dcr/dQ  [/zb/sr]
0» £ 7 [MeV]
l°] 190-200 200-220 220-240 240-260 260-280
0 - 2 24.51 ±  27.21 71.18 ±  33.40 599.01 ±  128.13
2 - 4 184.86 ±  28.67 183.18 ±  58.75 475.47 ±  126.95 1219.64 ±  324.91 1281.11 ±  182.17
4 - 6 381.32 ±  34.05 560.67 ±  53.04 1427.69 ±  187.31 2077.16 ±  220.59 2123.60 ±  188.79
6 - 8 639.93 ±  68.02 1041.35 ±  81.75 2639.94 ±  275.35 2884.85 ±  197.04 2826.62 ±  267.96
8 - 1 0 837.10 ±  57.42 1598.09 ±  114.42 3289.86 ±  258.91 3322.46 ±  254.17 3320.78 ±  206.22
10 - 12 1168.66 ±  70.12 1806.67 ±  140.92 3520.11 ±  246.06 3571.73 ±  208.95 3544.99 ±  215.18
12 - 14 1350.99 ±  78.36 2238.97 ±  153.37 3618.89 ±  231.25 3771.70 ±  208.95 3254.44 ±  153.28
14 - 16 1629.83 ±  93.39 2500.54 ±  161.29 3389.12 ±  202.33 3257.62 ±  170.05 2639.90 ±  147.83
16 - 18 1767.88 ±  101.12 2438.07 ±  148.72 3036.76 ±  173.70 2749.31 ±  140.49 2050.35 ±  104.57
18 - 20 1752.22 ±  99.18 2314.50 ±  135.17 2378.94 ±  132.74 1947.09 ±  99.69 1368.16 ±  76.62
20 - 22 1583.53 ±  93.11 1976.24 ±  115.21 1710.18 ±  95.43 1306.51 ±  69.38 789.75 ±  38.07
22 - 24 1602.29 ±  91.33 1626.37 ±  94.98 1108.25 ±  62.62 742.57 ±  43.07 382.58 ±  31.91
24 - 26 1369.74 ±  79.99 1195.95 ±  70.68 728.74 ±  43.21 371.00 ±  24.78 183.91 ±  13.15
26 - 28 1058.14 ±  69.84 867.76 ±  53.89 395.63 ±  26.63 168.29 ±  12.64 171.24 ±  12.91
28 - 30 788.68 ±  56.63 541.02 ±  36.09 199.71 ±  15.04 132.17 ±  11.05 250.35 ±  17.75
30 - 32 552.64 ±  47.80 318.13 ±  24.81 125.85 ±  10.82 196.62 ±  15.34 374.54 ±  25.54
32 - 34 349.42 ±  29.70 195.23 ±  16.36 136.51 ±  12.38 264.11 ±  20.23 441.52 ±  31.13
34 - 36 201.96 ±  20.07 142.78 ±  14.29 201.38 ±  17.16 347.23 ±  26.95 475.97 ±  34.84
36 - 38 120.57 ±  14.81 229.98 ±  19.73 236.46 ±  20.93 454.93 ±  35.85 441.67 ±  34.05
38 - 40 83.76 ±  11.79 226.83 ±  24.16 346.50 ±  29.87 455.44 ±  38.48 330.07 ±  27.92
40 - 42 73.68 ±  10.82 286.58 ±  29.12 357.37 ±  32.52 409.96 ±  37.35 221.31 ±  21.18
42 - 44 138.80 ±  15.93 320.64 ±  33.19 327.98 ±  32.50 319.31 ±  31.93 123.64 ±  14.70
44 - 46 167.22 ±  17.07 325.86 ±  33.04 331.88 ±  35.18 208.52 ±  24.33 87.34 ±  12.33
46 - 48 241.39 ±  25.23 338.77 ±  33.47 187.14 ±  23.37 78.74 ±  13.17 75.10 ±  11.93
48 - 50 281.99 ±  29.13 337.07 ±  33.57 145.91 ±  20.54 72.25 ±  13.29 109.50 ±  15.97
50 - 52 281.29 ±  25.51 318.17 ±  30.35 73.35 ±  13.85 36.94 ±  9.45 90.13 ±  13.91
52 - 54 309.30 ±  28.12 260.16 ±  28.44 45.24 ±  10.65 33.79 ±  8.71 93.84 ±  14.92
54 - 56 253.66 ±  24.88 208.77 ±  25.55 33.28 ±  8.33 40.04 ±  10.50 60.32 ±  11.66
56 - 58 252.54 ±  25.05 165.67 ±  19.42 22.35 ±  7.02 41.39 ±  11.95 85.60 ±  16.79
58 - 60 259.93 ±  28.85 104.72 ±  13.26 17.09 ±  6.31 94.90 ±  17.59 47.46 ± 1 1 .9 5
60 - 62 225.57 ±  22.71 71.08 ±  10.01 24.63 ±  8.55 63.68 ±  14.23 45.05 ±  10.34
62 - 64 196.43 ±  20.59 55.98 ±  8.67 13.07 ±  6.15 56.77 ±  13.04 41.97 ±  9.46
64 - 66 133.75 ±  19.05 58.31 ±  9.08 34.79 ±  8.25 29.09 ±  8.95 19.85 ±  6.66
66 - 68 90.54 ±  12.46 48.82 ±  7.77 29.83 ±  7.92 50.67 ±  11.01 23.09 ±  7.75
68 - 70 53.47 ±  8.75 53.63 ±  8.32 35.36 ±  8.62 28.50 ±  8.00 11.82 ±  5.49
70 - 72 36.65 ±  7.22 49.47 ±  8.56 33.19 ±  8.68 10.67 ±  6.57 23.99 ±  6.14
72 - 74 22.36 ±  5.92 80.14 ±  11.24 53.21 ±  10.35 10.03 ±  5.56 19.40 ±  5.95
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Table E.9: Differential Cross Sections for 208Pb: E7 = 190-280 MeV cont.
6n
[°]
da /dV t [/ib/sr]
190-200 200-220
E 1 [MeV] 
220-240 240-260 260-280
74 - 76 28.24 ±  6.55 89.05 ±  11.99 21.65 ±  6.09 13.39 ±  5.48 6.97 ±  4.41
76 - 78 19.90 ±  5.75 93.89 ±  12.80 20.68 ±  6.20 21.05 ±  5.86 11.43 ±  4.82
78 - 80 25.52 ±  6.67 98.94 ±  13.38 11.02 ±  5.59 11.38 ±  4.83 15.58 ±  5.00
80 - 82 39.08 ±  7.99 75.99 ±  10.54 10.05 ±  5.86 8.54 ±  4.78 17.59 ±  5.37
82 - 84 64.55 ±  10.21 67.35 ±  9.86 9.36 ±  4.97 4.86 ±  4.21 17.05 ±  5.39
84 - 86 80.22 ±  11.95 70.19 ±  10.25 1.22 ±  5.20 13.48 ±  5.15 10.54 ±  4.73
86 - 88 42.23 ±  7.72 58.82 ±  8.90 5.37 ±  4.17 14.95 ±  5.98 22.25 ±  6.27
88 - 90 66.32 ±  10.14 34.46 ±  6.16 14.48 ±  5.97 17.09 ±  7.28 10.30 ±  5.10
90 - 92 66.22 ±  10.19 25.56 ±  5.02 5.48 ±  5.00 28.12 ±  8.75 8.01 ±  4.60
92 - 94 42.39 ±  7.78 32.38 ±  5.90 8.72 ±  5.32 10.63 ±  5.53 7.04 ±  5.39
94 - 96 40.91 ±  7.50 21.58 ±  4.90 7.19 ±  4.84 5.66 ±  5.50 10.03 ±  4.88
96 - 98 57.58 ±  9.65 14.06 ±  4.09 4.97 ±  5.01 12.04 ±  6.27 12.62 ±  5.80
98 - 100 37.89 ±  7.70 11.71 ±  3.65 6.29 ±  4.07
100 - 102 29.30 ±  6.48 14.89 ±  4.27 8.35 ±  5.21
102 - 104 6.20 ±  4.10 18.95 ±  4.61
104 - 106 3.05 ±  3.43 25.00 ±  5.26
106 - 108 9.14 ±  4.64 8.56 ±  3.50
108 - 110 9.29 ±  3.20
110 - 112 25.29 ±  5.21
112 - 114 15.27 ±  4.17
114 - 116 9.26 ±  3.70
116 - 118 9.47 ±  3.85
118 - 120 18.18 ±  4.39
120 - 122 13.17 ±  4.10
122 - 124 12.77 ±  3.86
124 - 126 8.15 ±  3.53
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Table E.10: Differential Cross Sections for 208Pb: E.7 = 280-380 MeV
da /dC l [/xb/sr]
8*• 
[°1 280-300 300-320
E 1 [MeV] 
320-340 340-360 360-380
0 - 2 697.72 ±  106.75 463.02 ±  77.74 217.18 ±  49.97 45.78 ±  22.62
2 - 4 1378.55 ±  99.39 989.24 ±  77.46 624.05 ±  60.85 296.44 ±  36.25 149.19 ±  26.44
4 - 6 2151.21 ±  157.04 1895.98 ±  112.43 1170.82 ±  81.25 648.35 ±  53.81 466.14 ±  40.55
6 - 8 2663.68 ±  140.38 2314.95 ±  134.27 1779.50 ±  109.26 1058.38 ±  70.81 696.40 ±  52.30
8 - 1 0 2921.10 ±  148.39 2467.89 ±  141.90 1947.45 ±  118.21 1222.36 ±  82.51 914.88 ±  68.98
10 - 12 2891.68 ±  144.01 2241.98 ±  127.34 1687.59 ±  109.19 1036.57 ±  71.94 789.72 ±  59.23
12 - 14 2504.09 ±  119.19 1719.12 ±  95.41 1284.90 ±  79.02 785.03 ±  54.48 427.60 ±  37.37
14 - 16 1844.71 ±  89.28 1177.43 ±  63.70 707.09 ±  44.90 399.26 ±  29.27 215.96 ±  23.17
16 - 18 1148.24 ±  56.84 638.02 ±  34.64 344.94 ±  23.77 137.66 ±  13.56 92.11 ±  11.98
18 - 20 608.82 ±  31.54 250.71 ±  16.02 95.06 ±  9.39 94.71 ±  10.45 138.89 ±  14.89
20 - 22 278.32 ±  16.62 121.73 ±  9.51 110.25 ±  10.20 136.05 ±  11.66 185.25 ±  16.65
22 - 24 135.27 ±  10.17 124.86 ±  10.09 169.46 ±  13.68 177.82 ±  13.64 219.46 ±  18.17
24 - 26 158.54 ±  11.53 198.61 ±  13.51 228.81 ±  15.92 204.95 ±  14.78 189.53 ±  15.33
26 - 28 233.43 ±  15.71 288.73 ±  17.96 285.49 ±  18.01 146.18 ±  11.08 138.79 ±  12.39
28 - 30 372.47 ±  24.25 333.76 ±  20.96 259.07 ±  16.94 142.47 ±  10.74 84.76 ±  8.75
30 - 32 406.81 ±  26.73 337.67 ±  22.12 195.36 ±  13.73 89.52 ±  8.00 44.53 ±  6.27
32 - 34 404.55 ±  27.23 264.80 ±  18.35 138.81 ±  11.19 58.48 ±  6.37 37.77 ±  5.84
34 - 36 354.92 ±  26.05 181.95 ±  14.23 90.75 ±  8.89 49.07 ±  5.92 56.84 ±  7.75
36 - 38 260.08 ±  20.88 112.27 ±  11.07 73.05 ±  8.42 56.74 ±  6.86 62.22 ±  8.62
38 - 40 148.57 ±  14.47 85.43 ±  9.04 81.04 ±  9.00 76.59 ±  8.82 88.63 ±  10.85
40 - 42 112.00 ±  12.96 90.14 ±  10.40 86.66 ±  9.52 76.29 ±  9.42 72.40 ±  10.39
42 - 44 62.73 ±  9.46 98.62 ±  10.60 88.39 ±  10.37 79.10 ±  10.29 63.76 ±  10.46
44 - 46 97.62 ±  12.47 129.86 ±  13.93 105.35 ±  12.25 74.53 ±  9.95 31.98 ±  8.49
46 - 48 120.76 ±  15.30 132.25 ±  15.13 86.15 ±  11.03 45.38 ±  7.85 59.87 ±  10.49
48 - 50 149.99 ±  18.75 121.69 ±  15.04 74.33 ±  10.49 42.77 ±  7.48 38.52 ±  8.96
50 - 52 121.59 ±  17.09 79.38 ±  13.11 59.57 ±  9.89 34.77 ±  7.14 37.76 ±  8.62
52 - 54 115.55 ±  16.26 63.50 ±  10.24 33.29 ±  7.11 59.66 ±  9.92 31.13 ±  8.31
54 - 56 50.19 ±  10.59 32.08 ±  7.26 41.29 ±  7.84 29.65 ±  6.68 30.41 ±  9.00
56 - 58 38.72 ±  9.77 17.64 ±  5.73 40.04 ±  8.68 33.47 ±  7.14 27.36 ±  8.59
58 - 60 41.72 ±  10.28 23.55 ±  7.06 31.13 ±  7.29 18.92 ±  5.40
60 - 62 30.91 ±  8.81 36.56 ±  8.16 20.97 ±  5.40
62 - 64 18.39 ±  6.95 20.51 ±  6.31 12.13 ±  4.58
64 - 66 12.18 ±  5.51 19.41 ±  5.38 9.08 ±  3.88
66 - 68 33.33 ±  8.10 9.50 ±  3.86 4.85 ±  3.01
68 - 70 25.19 ±  6.57 13.84 ±  4.20 8.98 ±  3.67
70 - 72 11.47 ±  4.66 19.20 ±  5.08 8.24 ±  3.30
72 - 74 13.96 ±  5.66 8.88 ±  3.70 5.67 ±  3.16
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Table E.ll: Differential Cross Sections for 208Pb: E7 = 280-380 MeV cont.
da/dCl jjh/sT
On E1  [MeV]
[°] 280  -  300 300  -  320 320  -  340 340  -  360 360  -  380
74 -  76 9.60 ±  4.82 9.37 ±  4.35 2.51 ±  2.05
76 - 78 1.85 ±  3.28 3.77 ±  3.15
78 - 80 7.05 ±  4.63 5.77 ±  3.10
80 - 82 10.07 ±  4.30 5.68 ±  3.00
82 -  84 2.65 ±  2.98 10.15 ±  3.74
84  -  86 3.97 ±  4.20 7.05 ±  3.34
86 -  88 6.72 ±  3.72 3.27 ±  3.12
88 -  90 9.12 ±  4.19 5.85 ±  2.91
90 -  92 5.74 ±  3.38 3.19 ±  2.74
92 -  94 7.99 ±  4.30
94  -  96 1.75 ±  3.01
96 -  98 4.91 ±  4.46
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E.3 Carbon-12
Tables E.12-E.14 contain the differential cross sections for 12C for the present exper­
imental data.
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Table E.12: Differential Cross Sections for 12C ;
dcr/d fl [/xb/sr]
9n [MeV]
[°] 135 - 140 140 - 145 145 - 150 150 - 155 155 - 160 160 - 170
0 - 5 0.20 ±  0.13 0.24 ±  0.06 0.25 ±  0.19 0.19 ±  0.17 0.80 ±  0.18
5 - 1 0 0.14 ±  0.05 0.09 ±  0.07 0.42 ±  0.19 0.39 ±  0.17 1.18 ±  0.26 2.21 ±  0.18
10 - 15 0.14 ±  0.17 0.19 ±  0.07 0.66 ±  0.14 1.11 ±  0.18 2.63 ±  0.28 4.21 ±  0.22
15 - 20 0.10 ±  0.07 0.47 ±  0.07 1.00 ±  0.14 2.73 ±  0.26 3.78 ±  0.28 7.18 ±  0.30
20 - 25 0.18 ±  0.08 0.50 ±  0.08 1.64 ±  0.05 3.24 ±  0.24 6.00 ±  0.34 10.16 ±  0.39
25 - 30 0.14 ±  0.06 0.87 ±  0.10 2.20 ±  0.18 4.38 ±  0.27 8.10 ±  0.37 13.75 ±  0.48
30 - 35 0.21 ±  0.06 1.12 ±  0.09 2.67 ±  0.19 6.31 ±  0.32 9.54 ±  0.40 16.51 ±  0.56
35 - 40 0.22 ±  0.05 1.35 ±  0.09 3.28 ±  0.18 7.14 ±  0.33 10.82 ±  0.45 19.01 ±  0.65
40 - 45 0.27 ±  0.05 1.70 ±  0.10 4.20 ±  0.22 8.43 ±  0.36 13.08 ±  0.52 20.76 ±  0.71
45 - 50 0.24 ±  0.05 1.71 ±  0.10 4.57 ±  0.22 8.62 ±  0.37 13.28 ±  0.53 22.56 ±  0.77
50 - 55 0.27 ±  0.05 2.00 ±  0.11 4.54 ±  0.22 9.39 ±  0.39 14.98 ±  0.60 23.65 ±  0.80
55 - 60 0.38 ±  0.06 2.00 ±  0.11 5.11 ±  0.24 10.14 ±  0.42 15.03 ±  0.59 23.60 ±  0.80
60 - 65 0.34 ±  0.05 1.98 ±  0.11 4.66 ±  0.22 9.46 ±  0.40 14.71 ±  0.60 22.46 ±  0.76
65 - 70 0.47 ±  0.07 2.20 ±  0.12 5.57 ±  0.25 9.15 ±  0.39 14.33 ±  0.60 20.55 ±  0.72
70 - 75 0.36 ±  0.06 2.03 ±  0.11 5.09 ±  0.24 8.89 ±  0.39 12.80 ±  0.58 20.76 ±  0.73
75 - 80 0.40 ±  0.06 2.10 ±  0.11 4.47 ±  0.23 8.62 ±  0.39 12.94 ±  0.57 19.13 ±  0.67
80 - 85 0.27 ±  0.06 2.13 ±  0.11 4.34 ±  0.22 7.82 ±  0.37 12.72 ±  0.59 16.10 ±  0.60
85 - 90 0.31 ±  0.05 1.91 ±  0.11 4.36 ±  0.21 7.01 ±  0.34 10.92 ±  0.54 14.22 ±  0.54
90 - 95 0.32 ±  0.06 1.93 ±  0.10 3.77 ±  0.20 6.13 ±  0.31 9.49 ±  0.50 11.66 ±  0.48
95 - 100 0.25 ±  0.05 1.57 ±  0.09 3.53 ±  0.18 5.98 ±  0.30 8.15 ±  0.46 10.38 ±  0.44
100 - 105 0.33 ±  0.06 1.50 ±  0.09 3.18 ±  0.16 4.96 ±  0.26 7.93 ±  0.40 9.49 ±  0.40
105 - 110 0.21 ±  0.04 1.23 ±  0.08 2.58 ±  0.16 4.57 ±  0.26 6.41 ±  0.38 8.30 ±  0.37
110 - 115 0.18 ±  0.05 1.20 ±  0.08 2.71 ±  0.17 3.55 ±  0.23 4.71 ±  0.29 5.89 ±  0.29
115 - 120 0.18 ±  0.04 1.00 ±  0.07 2.30 ±  0.14 3.16 ±  0.21 4.12 ±  0.30 4.97 ±  0.27
120 - 125 0.16 ±  0.03 0.79 ±  0.07 1.82 ±  0.13 2.94 ±  0.22 3.53 ±  0.25 4.63 ±  0.25
125 - 130 0.14 ±  0.07 0.94 ±  0.07 1.50 ±  0.12 2.53 ±  0.20 3.06 ±  0.27 3.10 ±  0.19
130 - 135 0.17 ±  0.08 0.62 ±  0.06 1.16 ±  0.13 2.01 ±  0.17 1.93 ±  0.19 2.66 ±  0.20
135 - 140 0.11 ±  0.06 0.54 ±  0.06 1.10 ±  0.10 1.30 ±  0.14 1.48 ±  0.16 1.78 ±  0.16
140 - 145 0.08 ±  0.05 0.41 ±  0.06 0.81 ±  0.08 1.16 ±  0.14 1.62 ±  0.18 1.49 ±  0.14
145 - 150 0.05 ±  0.02 0.36 ±  0.05 0.56 ±  0.08 0.85 ±  0.11 0.69 ±  0.12 0.95 ±  0.15
150 - 155 0.01 ±  0.01 0.27 ±  0.04 0.25 ±  0.05 0.53 ±  0.10 0.78 ±  0.13 0.69 ±  0.58
155 - 160 0.21 ±  0.05 0.24 ±  0.06 0.50 ±  0.14 0.34 ±  0.17 0.48 ±  0.15
160 - 165 0.13 ±  0.05 0.20 ±  0.05 0.25 ±  0.12 0.20 ±  0.31
165 - 170 0.11 ±  0.07 0.11 ±  0.01 0.32 ±  0.48
170 - 175 0.15 ±  0.15 -0.01 ±  -0.02
175 - 180
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Table E.13: Differential Cross Sections for 12C :
d a /d £ l  [/ib/sr]
0n
[MeV] 170-180 180-190
E y
190-200
[MeV]
200-220 220-240 240-260
0 - 5 1.14 ±  0.25 2.11 ±  0.30 1.88 ±  0.28
5 - 10 3.25 ±  0.21 5.01 ±  0.32 7.14 ±  0.49 12.23 ±  0.62 32.80 ±  1.34 52.41 ±  1.89
10 - 15 7.38 ±  0.32 11.01 ±  0.83 15.68 ±  1.08 32.28 ±  1.13 64.19 ±  2.12 91.04 ±  2.91
15 - 20 12.58 ±  0.47 18.54 ±  0.69 29.31 ±  1.49 61.24 ±  1.96 106.94 ±  3.32 139.85 ±  4.34
20 - 25 18.20 ±  0.66 28.26 ±  0.96 44.87 ±  1.62 85.27 ±  2.64 131.59 ±  4.08 170.12 ±  5.27
25 - 30 23.38 ±  0.77 37.31 ±  1.23 60.06 ±  2.16 104.06 ±  3.23 150.03 ±  4.50 175.95 ±  5.45
30 - 35 29.11 ±  0.96 42.71 ±  1.41 64.14 ±  2.12 119.20 ±  3.70 170.18 ±  5.11 183.42 ±  5.69
35 - 40 31.96 ±  1.05 49.04 ±  1.57 72.55 ±  2.39 124.00 ±  3.84 178.84 ±  5.37 198.30 ±  6.15
40 - 45 35.10 ±  1.16 51.45 ±  1.65 75.68 ±  2.42 116.16 ±  3.60 179.41 ±  5.56 195.95 ±  6.07
45 - 50 36.86 ±  1.22 54.71 ±  1.75 81.63 ±  2.61 108.00 ±  3.35 169.05 ±  5.24 160.51 ±  5.14
50 - 55 36.63 ±  1.17 52.57 ±  1.68 75.47 ±  2.41 98.70 ±  3.06 106.28 ±  3.51 91.24 ±  3.28
55 - 60 38.53 ±  1.27 48.99 ±  1.57 67.46 ±  2.09 89.79 ±  2.87 78.98 ±  2.69 49.96 ±  1.90
60 - 65 37.29 ±  1.23 48.63 ±  1.56 67.16 ±  2.15 77.83 ±  2.41 53.89 ±  1.89 40.07 ±  1.52
65 - 70 34.25 ±  1.13 44.73 ±  1.43 56.60 ±  3.11 59.14 ±  1.89 42.13 ±  1.47 24.36 ±  0.97
r o  - 75 28.93 ±  0.95 41.02 ±  1.31 51.42 ±  1.65 53.30 ±  1.76 33.95 ±  1.22 13.86 ±  0.61
75 - 80 25.60 ±  0.87 33.97 ±  1.12 40.96 ±  1.31 43.95 ±  1.45 27.94 ±  1.03 8.21 ±  0.42
80 - 85 21.82 ±  0.74 26.83 ±  0.91 34.17 ±  1.13 32.60 ±  1.11 19.80 ±  0.79 5.86 ±  0.32
85 - 90 18.78 ±  0.68 20.96 ±  0.73 24.41 ±  0.83 21.51 ±  0.77 12.42 ±  0.56 6.21 ±  0.38
90 - 95 16.32 ±  0.60 18.11 ±  0.67 16.57 ±  0.65 14.90 ±  0.58 8.37 ±  0.44 6.12 ±  0.41
95 - 100 13.82 ±  0.54 11.59 ±  0.53 11.17 ±  0.48 9.51 ±  0.42 6.77 ±  0.39 5.83 ±  0.41
100 - 105 10.29 ±  0.42 7.52 ±  0.40 6.83 ±  0.33 7.10 ±  0.35 7.24 ±  0.42 4.62 ±  0.39
105 - 110 8.47 ±  0.37 6.51 ±  0.36 4.70 ±  0.27 5.02 ±  0.28 5.31 ±  0.37 3.12 ±  0.30
110 - 115 7.20 ±  0.35 4.50 ±  0.30 4.23 ±  0.29 4.39 ±  0.26 4.75 ±  0.35 3.96 ±  0.32
115 - 120 4.14 ±  0.21 2.72 ±  0.24 2.83 ±  0.20 3.71 ±  0.23 3.97 ±  0.50 4.06 ±  0.30
120 - 125 3.17 ±  0.26 2.27 ±  0.21 1.80 ±  0.17 3.59 ±  0.24 4.61 ±  0.31 2.74 ±  0.22
125 - 130 2.49 ±  0.21 1.27 ±  0.15 2.00 ±  0.23 3.64 ±  0.24 4.36 ±  0.28 2.56 ±  0.20
130 - 135 1.53 ±  0.19 1.06 ±  0.15 1.74 ±  0.18 3.00 ±  0.22 3.51 ±  0.25 1.38 ±  0.14
135 - 140 1.38 ±  0.16 0.81 ±  0.13 0.86 ±  0.10 2.31 ±  0.18 3.71 ±  0.32 0.81 ±  0.11
140 - 145 0.78 ±  0.11 0.63 ±  0.11 0.97 ±  0.11 1.99 ±  0.16 2.90 ±  0.26 0.63 ±  0.11
145 - 150 0.37 ±  0.09 0.18 ±  0.11 0.51 ±  0.08 1.70 ±  0.16 2.21 ±  0.22 0.89 ±  0.16
150 - 155 0.20 ±  0.07 0.26 ±  0.10 0.73 ±  0.15 1.33 ±  0.13 1.79 ±  0.20
155 - 160 0.17 ±  0.08 0.21 ±  0.08 0.38 ±  0.07 0.65 ±  0.09 0.98 ±  0.17
160 - 165 0.04 ±  0.09 0.25 ±  0.07 0.96 ±  0.13
165 - 170 0.49 ±  0.10
170 - 175 0.40 ±  0.10
175 - 180
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Table E.14: Differential Cross Sections for 12C:
d c r /d d  [/ib/sr]
On E-y [M eV ]
[°] 260-280 280-300 300-320 320-340 340-360 360-380
0 - 5 21.85 ±  1.38 17.10 ±  1.15 9.03 ±  0.82 4.99 ±  0.56 1.98 ±  0.18
5 - 1 0 59.12 ±  2.07 58.87 ±  2.18 55.50 ±  2.22 45.85 ±  1.88 29.79 ±  1.37 21.91 ±  1.05
10 - 15 105.83 ±  3.39 106.02 ±  3.60 104.12 ±  3.64 105.10 ±  4.20 84.22 ±  3.62 73.00 ±  3.21
15 - 20 164.14 ±  5.09 156.94 ±  5.02 152.44 ±  5.18 144.23 ±  5.19 119.77 ±  4.67 118.10 ±  4.61
20 - 25 190.99 ±  5.92 178.34 ±  5.53 160.19 ±  5.29 138.08 ±  4.83 112.39 ±  4.05 109.95 ±  4.07
25 - 30 207.23 ±  6.42 200.57 ±  6.22 169.50 ±  5.42 129.74 ±  4.28 91.92 ±  3.13 83.33 ±  2.83
30 - 35 220.85 ±  6.85 208.42 ±  6.46 171.27 ±  5.48 124.27 ±  4.10 79.32 ±  2.70 60.66 ±  2.00
35 - 40 214.98 ±  6.66 181.81 ±  5.82 133.10 ±  4.39 94.38 ±  3.21 58.90 ±  2.18 48.43 ±  1.70
40 - 45 183.82 ±  5.70 142.49 ±  4.56 94.62 ±  3.22 61.82 ±  2.16 39.41 ±  1.50 34.86 ±  1.25
45 - 50 137.65 ±  4.54 99.79 ±  3.39 63.88 ±  2.30 39.00 ±  1.48 27.22 ±  1.12 23.84 ±  0.88
50 - 55 77.72 ±  2.80 56.53 ±  2.15 37.54 ±  1.50 26.92 ±  1.08 20.57 ±  0.93 19.64 ±  0.75
55 - 60 40.41 ±  1.54 29.38 ±  1.18 22.63 ±  0.95 18.24 ±  0.82 14.04 ±  0.67 13.31 ±  0.52
60 - 65 29.38 ±  1.20 18.64 ±  0.78 12.89 ±  0.58 9.42 ±  0.46 7.02 ±  0.39 6.31 ±  0.26
65 - 70 16.04 ±  0.71 12.35 ±  0.57 8.60 ±  0.42 7.23 ±  0.36 5.36 ±  0.30 4.21 ±  0.17
70 - 75 9.89 ±  0.49 8.17 ±  0.41 7.19 ±  0.35 5.55 ±  0.29 3.62 ±  0.22 2.85 ±  0.12
75 - 80 6.19 ±  0.34 6.40 ±  0.33 6.75 ±  0.34 4.38 ±  0.25 3.12 ±  0.20 2.12 ±  0.09
80 - 85 6.83 ±  0.37 6.98 ±  0.36 6.11 ±  0.32 3.83 ±  0.23 1.67 ±  0.14 1.11 ±  0.05
85 - 00 7.33 ±  0.39 6.83 ±  0.36 5.43 ±  0.30 3.18 ±  0.20 1.57 ±  0.14 1.08 ±  0.06
90 - 95 8.25 ±  0.44 6.58 ±  0.36 4.15 ±  0.27 2.21 ±  0.18 1.34 ±  0.13 0.87 ±  0.06
95 - 100 6.25 ±  0.42 5.66 ±  0.36 3.20 ±  0.25 2.02 ±  0.18 0.66 ±  0.10 0.80 ±  0.07
100 - 105 5.15 ±  0.38 3.73 ±  0.30 2.68 ±  0.23 1.68 ±  0.18 1.11 ±  0.14 0.48 ±  0.04
105 - 110 4.50 ±  0.36 2.99 ±  0.27 2.04 ±  0.20 1.18 ±  0.15 0.76 ±  0.12 0.16 ±  0.02
110 - 115 4.47 ±  0.31 3.01 ±  0.24 1.31 ±  0.14 0.83 ±  0.11 0.11 ±  0.04 0.22 ±  0.03
115 - 120 2.77 ±  0.22 1.80 ±  0.17 1.10 ±  0.12 0.61 ±  0.09 0.31 ±  0.06 0.10 ±  0.01
120 - 125 2.16 ±  0.19 1.04 ±  0.12 0.56 ±  0.08 0.35 ±  0.06 0.18 ±  0.05
125 - 130 1.25 ±  0.13 0.84 ±  0.11 0.36 ±  0.07 0.17 ±  0.05
130 - 135 1.20 ±  0.13 0.76 ±  0.11 0.32 ±  0.06 0.14 ±  0.04
135 - 140 0.79 ±  0.11 0.19 ±  0.06 0.09 ±  0.04
140 - 145 0.84 ±  0.13 0.26 ±  0.07
145 - 150 0.20 ±  0.07
150 - 155 0.23 ±  0.08
155 - 160 0.06 ±  0.04
160 - 165
165 - 170
170 - 175
175 - 180
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E.4 Calcium-40
Tables E.15-E.17 contain the differential cross sections for 40Ca for the present exper­
imental data.
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Table E.15: D ifferential Cross Sections for 40Ca:
dcr/dQ  [/tb/sr]
Orr £ 7 MeV]
[°1 135 - 140 140 - 145 145 - 150 150 - 155 155 - 160 160 - 170
0 - 5 1.11 ±  0.59 2.26 ±  1.09 2.78 ±  1.47 5.47 ±  1.17
5 - 10 -0.09 ±  -0.14 0.85 ±  0.53 2.40 ±  0.87 3.74 ±  0.83 9.01 ±  1.38 16.32 ±  1.16
10 - 15 0.08 ±  0.07 2.07 ±  0.99 4.34 ±  0.76 11.97 ±  1.39 18.24 ±  1.50 34.20 ±  1.61
15 - 20 0.30 ±  0.31 1.97 ±  0.86 7.60 ±  1.10 18.38 ±  1.36 30.22 ±  1.75 61.99 ±  2.36
20 - 25 0.87 ±  0.55 4.09 ±  1.31 11.49 ±  1.02 26.11 ±  1.67 41.98 ±  2.01 86.19 ±  3.10
25 - 30 1.14 ±  0.32 5.05 ±  1.46 15.18 ±  1.26 32.25 ±  1.64 55.16 ±  2.37 101.93 ±  3.57
30 - 35 0.83 ±  0.23 6.71 ±  1.75 19.69 ±  1.24 36.96 ±  1.70 60.83 ±  2.43 109.70 ±  3.62
35 - 40 1.10 ±  0.23 7.21 ±  1.82 21.25 ±  1.53 42.24 ±  1.86 70.56 ±  2.75 114.56 ±  3.90
40 - 45 1.59 ±  0.35 8.37 ±  2.05 22.37 ±  1.36 38.56 ±  1.70 65.67 ±  2.63 89.18 ±  3.12
45 - 50 1.55 ±  0.26 8.39 ±  1.93 23.80 ±  1.29 42.67 ±  1.83 62.85 ±  2.58 102.82 ±  3.70
50 - 55 2.11 ±  0.26 8.55 ±  1.89 21.94 ±  1.08 40.47 ±  1.74 62.47 ±  2.56 66.93 ±  2.61
55 - 60 1.22 ±  0.25 8.31 ±  1.89 20.58 ±  1.11 34.51 ±  1.55 58.50 ±  2.46 76.20 ±  3.12
60 - 65 1.87 ±  0.25 8.60 ±  1.94 19.33 ±  1.60 33.91 ±  1.53 45.41 ±  2.09 58.29 ±  2.22
65 - 70 2.11 ±  0.30 7.87 ±  1.79 18.67 ±  0.99 27.44 ±  1.37 33.41 ±  1.77 41.41 ±  1.78
70 - 75 1.62 ±  0.22 7.72 ±  1.79 15.81 ±  0.92 21.00 ±  1.20 28.69 ±  1.66 31.90 ±  1.47
75 - 80 1.65 ±  0.25 6.79 ±  1.64 13.58 ±  1.06 19.48 ±  1.19 22.67 ±  1.50 22.38 ±  1.16
80 - 85 1.42 ±  0.23 5.40 ±  1.40 11.29 ±  0.79 14.95 ±  1.05 18.11 ±  1.36 16.31 ±  1.03
85 - 90 1.34 ±  0.25 5.62 ±  1.43 8.31 ±  0.61 9.86 ±  0.86 9.65 ±  1.09 5.32 ±  0.79
90 - 95 1.26 ±  0.28 4.66 ±  1.22 6.00 ±  0.49 8.66 ±  0.78 8.08 ±  1.41 3.66 ±  0.76
95 - 100 1.07 ±  0.22 3.52 ±  1.00 5.36 ±  0.53 5.60 ±  0.69 5.01 ±  1.10 2.31 ±  0.58
100 - 105 0.91 ±  0.23 2.78 ±  0.82 4.32 ±  0.42 4.81 ±  0.68 4.12 ±  0.90 1.92 ±  0.55
105 - 110 0.85 ±  0.22 2.47 ±  0.79 3.61 ±  0.43 3.45 ±  0.56 3.28 ±  2.24 1.28 ±  0.75
110 - 115 0.54 ±  0.20 2.24 ±  0.74 2.00 ±  0.34 3.22 ±  0.67 1.69 ±  0.55 0.79 ±  0.78
115 - 120 0.65 ±  0.17 1.71 ±  0.62 1.94 ±  0.38 2.77 ±  0.65 1.36 ±  0.57
120 - 125 0.80 ±  0.37 1.30 ±  0.51 1.58 ±  0.32 1.38 ±  0.52
125 - 130 0.31 ±  0.17 0.71 ±  0.37 0.95 ±  0.28 1.97 ±  0.52
130 - 135 0.40 ±  0.16 0.63 ±  0.31 0.64 ±  0.63 2.50 ±  0.59
135 - 140 0.33 ±  0.36 0.47 ±  0.32 2.17 ±  0.55
140 - 145 0.58 ±  0.32 0.26 ±  0.77 2.54 ±  0.53
145 - 150 0.43 ±  0.31 0.21 ±  0.26 2.11 ±  0.52
150 - 155 0.37 ±  0.28 0.34 ±  0.26 0.84 ±  0.47
155 - 160 0.15 ±  0.14 0.30 ±  0.54
160 - 165 0.41 ±  0.61
165 - 170
170 - 175
175 - 180
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Table E.16: Differential Cross Sections for 40Ca:
6 n
[MeV]
d a /d T l [pb  /  sr]
170-180 180-190
E .7
190-200
MeV]
200-220 220-240 240-260
0 - 5 12.60 ±  1.58 7.83 ±  1.39 14.02 ±  2.00 26.33 ±  2.82 63.96 ±  8.06 112.97 ±  8.02
5 - 1 0 28.06 ±  1.71 50.30 ±  2.41 57.68 ±  3.00 102.33 ±  5.32 260.68 ±  10.69 314.83 ±  11.33
10 - 15 61.51 ±  1.85 93.48 ±  3.46 138.71 ±  5.13 257.42 ±  8.75 460.43 ±  27.63 537.47 ±  17.20
15 - 20 100.51 ±  3.52 151.85 ±  5.16 227.30 ±  7.73 406.65 ±  12.61 601.91 ±  43.34 678.70 ±  23.75
20 - 25 128.65 ±  9.91 219.16 ±  7.01 317.50 ±  10.48 505.23 ±  15.66 589.64 ±  65.45 667.08 ±  22.01
25 - 30 156.09 ±  4.99 255.15 ±  8.16 366.33 ±  13.19 515.70 ±  15.99 504.26 ±  15.63 550.85 ±  19.83
30 - 35 163.83 ±  5.24 252.27 ±  8.07 341.20 ±  11.60 474.08 ±  14.70 395.33 ±  12.26 380.82 ±  12.19
35 - 40 165.30 ±  5.29 244.13 ±  7.81 312.24 ±  10.30 388.27 ±  12.04 285.85 ±  9.15 243.31 ±  8.03
40 - 45 159.77 ±  5.27 224.25 ±  7.40 257.16 ±  8.49 264.92 ±  8.21 177.78 ±  6.22 125.31 ±  4.76
45 - 50 139.82 ±  4.61 188.63 ±  6.22 208.78 ±  6.89 130.52 ±  4.57 81.68 ±  3.68 57.11 ±  2.97
50 - 55 113.01 ±  3.84 144.46 ±  4.91 143.09 ±  4.58 71.76 ±  2.87 30.19 ±  2.20 29.74 ±  2.08
55 - 60 88.99 ±  3.11 100.36 ±  3.51 74.50 ±  3.20 40.44 ±  1.86 12.51 ±  1.33 29.98 ±  2.25
60 - 65 70.86 ±  2.55 72.23 ±  2.96 47.58 ±  2.38 18.29 ±  1.06 12.65 ±  1.21 38.38 ±  2.46
65 - 70 50.52 ±  1.97 52.62 ±  2.37 28.78 ±  1.70 17.29 ±  1.09 18.17 ±  1.42 36.51 ±  2.19
70 - 75 33.62 ±  1.48 26.05 ±  1.49 15.86 ±  1.22 19.18 ±  1.11 18.22 ±  1.26 27.34 ±  1.72
75 - 80 20.37 ±  1.10 14.77 ±  1.20 13.78 ±  1.17 26.17 ±  1.41 19.93 ±  1.32 15.16 ±  1.15
80 - 85 12.60 ±  1.03 8.17 ±  0.83 15.26 ±  1.24 29.55 ±  1.57 18.66 ±  1.31 12.10 ±  0.97
85 - 90 6.26 ±  0.82 9.08 ±  0.90 14.43 ±  1.13 25.72 ±  1.36 13.40 ±  1.13 9.80 ±  0.98
90 - 95 5.08 ±  0.76 10.63 ±  0.97 20.37 ±  1.45 23.66 ±  1.30 7.42 ±  0.88 5.15 ±  0.80
95 - 100 3.79 ±  0.68 11.21 ±  0.94 15.02 ±  1.19 18.80 ±  1.13 2.96 ±  0.62 4.41 ±  0.90
100 - 105 5.27 ±  0.80 11.61 ±  1.03 13.06 ±  1.14 15.46 ±  0.99 4.77 ±  0.69 6.18 ±  0.90
105 - 110 7.14 ±  0.86 14.07 ±  1.10 12.10 ±  1.09 9.91 ±  0.83 3.41 ±  0.65 5.39 ±  1.01
110 - 115 8.78 ±  0.93 11.50 ±  1.02 13.80 ±  1.16 6.02 ±  0.63 2.97 ±  0.97 4.12 ±  0.83
115 - 120 9.63 ±  0.92 13.25 ±  1.10 10.11 ±  1.01 3.19 ±  0.46 1.83 ±  0.45 6.91 ±  0.84
120 - 125 10.08 ±  1.03 9.01 ±  0.89 8.39 ±  0.94 2.10 ±  0.44 3.03 ±  0.55 3.28 ±  0.51
125 - 130 6.83 ±  0.73 7.23 ±  0.82 4.69 ±  0.74 2.47 ±  0.41 2.75 ±  0.55 2.17 ±  0.43
130 - 135 7.59 ±  0.77 5.75 ±  0.73 3.47 ±  0.63 2.60 ±  0.40 1.04 ±  0.50
135 - 140 7.42 ±  0.96 5.25 ±  0.68 2.06 ±  0.62 2.82 ±  0.59
140 - 145 4.47 ±  0.64 2.05 ±  0.44 1.25 ±  0.40
145 - 150 3.11 ±  0.50 1.12 ±  0.33 1.72 ±  0.42
150 - 155 1.95 ±  0.39 2.07 ±  0.41
155 - 160 1.05 ±  0.43 0.74 ±  0.25
160 - 165 0.58 ±  0.28
165 - 170
170 - 175
175 - 180
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Table E.17: Differential Cross Sections for 40Ca:
dcr/dft, [/zb/sr]
9* £ 7 [MeV]
[°] 260-280 280-300 300-320 320-340 340-360 360-380
0 - 5 137.86 ±  9.51 127.65 ±  8.04 107.35 ±  6.76 66.45 ±  5.18 32.62 ±  3.59 12.46 ±  2.20
5 - 10 311.20 ±  11.51 355.76 ±  13.16 339.85 ±  13.25 278.10 ±  12.24 170.28 ±  8.00 126.82 ±  6.85
10 - 15 553.73 ±  19.93 546.52 ±  18.58 513.97 ±  18.50 486.88 ±  19.48 373.38 ±  15.68 318.57 ±  14.02
15 - 20 731.94 ±  23.42 622.80 ±  19.93 552.14 ±  19.32 476.35 ±  17.62 365.44 ±  14.98 313.95 ±  13.50
20 - 25 643.95 ±  19.96 491.07 ±  15.71 369.71 ±  12.20 269.11 ±  9.42 181.38 ±  7.07 146.70 ±  6.01
25 - 30 486.77 ±  15.09 347.93 ±  11.13 221.80 ±  7.32 121.20 ±  4.36 70.13 ±  2.81 50.43 ±  2.32
30 - 35 300.29 ±  9.61 191.41 ±  6.51 104.34 ±  3.76 56.22 ±  2.30 31.97 ±  1.47 25.58 ±  1.38
35 - 40 152.42 ±  5.33 78.18 ±  3.05 49.35 ±  2.12 34.84 ±  1.60 30.61 ±  1.56 34.87 ±  1.95
40 - 45 65.95 ±  2.90 38.85 ±  1.90 41.35 ±  1.98 44.07 ±  2.03 41.10 ±  2.06 38.52 ±  2.23
45 - 50 43.40 ±  2.30 58.03 ±  2.79 62.79 ±  2.83 52.33 ±  2.51 36.15 ±  2.17 31.70 ±  2.19
50 - 55 45.49 ±  2.64 63.04 ±  3.34 57.02 ±  2.91 44.42 ±  2.40 31.40 ±  1.92 24.73 ±  1.90
55 - 60 45.80 ±  2.93 44.50 ±  2.45 34.88 ±  2.16 21.96 ±  1.49 13.96 ±  1.21 14.35 ±  1.41
60 - 65 50.46 ±  2.83 30.34 ±  1.91 15.15 ±  1.17 8.98 ±  0.90 7.97 ±  0.83 5.82 ±  0.83
65 - 70 31.84 ±  1.91 14.96 ±  1.15 8.82 ±  0.82 7.01 ±  0.72 4.74 ±  0.57 3.95 ±  0.60
70 - 75 15.47 ±  1.19 6.39 ±  0.86 8.51 ±  0.79 5.38 ±  0.56 3.83 ±  0.48
75 - 80 7.05 ±  0.76 4.88 ±  0.65 4.88 ±  0.55 3.33 ±  0.43 1.94 ±  0.33
80 - 85 5.15 ±  0.61 3.84 ±  0.53 5.74 ±  0.61 3.28 ±  0.44
85 - 90 6.79 ±  0.77 8.16 ±  0.80 5.38 ±  0.59 2.11 ±  0.38
90 - 95 5.43 ±  0.73 6.42 ±  0.71 3.37 ±  0.46 1.03 ±  0.28
95 - 100 5.65 ±  0.87 6.17 ±  0.78 2.35 ±  0.50 1.02 ±  0.28
100 - 105 4.85 ±  0.81 2.43 ±  0.58 0.84 ±  0.34
105 - 110 5.73 ±  0.84 2.22 ±  0.53 0.90 ±  0.36
110 - 115 2.69 ±  0.54 1.11 ±  0.36
115 - 120
120 - 125
125 - 130
130 - 135
135 - 140
140 - 145
145 - 150
150 - 155
155 - 160
160 - 165
165 - 170
170 - 175
175 - 180
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